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ABSTRACT 
	  
Pentameric ligand-gated ion channels (pLGICs) are a superfamily of neurotransmitter-gated ion 
channels, that includes (in vertebrates) the nicotinic Acetylcholine Receptor (AChR), Serotonin 
Receptor type 3 (5-HT3R), γ-Aminobutyric acid Receptor type A (GABAAR), and the Glycine 
Receptor (GlyR). All of these channels are made up of five subunits. Some pLGICs are 
homomeric and others are heteromeric. For example, the adult muscle-type AChR contains two 
α1, one β1, one δ, and one ε subunit, and each of these individual subunits is an AChR subtype 
within the superfamily. pLGICs are involved in processes as diverse as muscle contraction, 
cognition, nicotine addiction and inflammation. 
 Beyond their particular biological roles, the pLGIC superfamily has been highly studied 
because the channels are well suited for single molecule electrophysiology experiments. 
Therefore, it is possible to robustly measure both the selectivity and conductance of these 
channels experimentally, but inferences about the molecular mechanisms responsible for these 
biophysical properties are often indirect because the technique lacks the resolution to see 
structural features responsible for these phenomena. In order to link electrophysiological data to 
molecular mechanisms, computational modeling is a highly suitable technique. Simulations can 
both verify inferences made using electrophysiology while simultaneously providing the 
resolution needed to extend the mechanism to an atomic scale. 
 Here, two biophysical properties of pLGICs, charge selectivity and conductance, are 
studied using computational techniques such as molecular dynamics, Brownian dynamics, 
continuum electrostatics, and bioinformatics, which are then compared to experimental data. In 
the first part, the molecular mechanism of conductance through the cation-selective nicotinic 
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AChR from muscle is studied. In the second part, the molecular determinants of charge-
selectivity in anion-selective pLGICs is studied.  
In cation-selective members of the superfamily, rings of glutamates (and, more rarely, 
aspartates) that line the ion-permeation pathway are responsible for increasing the single-channel 
conductance. Among these rings, one in particular, at the intracellular mouth of the pore, 
catalyzes the movement of cations more so than the other rings. This ring is made up of four 
glutamates and one glutamine in the muscle-type AChR, but only two of the four glutamates are 
needed for a wild-type conductance. A channel with two glutamates also has two different 
current amplitudes within a single opening. It has been shown experimentally that the current 
fluctuations were not because one of the two glutamates became protonated. Rather, it was 
proposed that these fluctuations were due to a change in the side chain rotamers of these 
glutamates. This hypothesis was tested using a variety of computational techniques and showed 
great agreement with electrophysiology experiments. Simulations were also able to extend the 
experimentally generated hypothesis. Simulations showed that the rotamer distribution of these 
glutamates in the protein is asymmetric in that two of the glutamates tended to adopt one 
particular rotamer that was different from the rotamer adopted by the other two glutamates. 
These different classes of rotamers had a significantly different impact on conductance, and only 
two of the four glutamates were needed for a wild-type conductance. Furthermore, simulations 
showed that the rotamers that catalyze cation conduction most effectively are the mm and tp 
rotamers (using rotamer nomenclature as in the Penultimate Rotamer Library), and that these 
glutamates exert their effects by positioning the carboxylic acid up and into the pore. 
The speed at which ions go through the channel is of fundamental importance, but it is 
also essential to understand how these proteins are able to selectively transport some ions and not 
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others. pLGICs are unique in that the superfamily contains highly cation-selective channels, such 
as the AChR and 5-HT3R, and highly anion-selective channels such as the GABAAR and GlyR. 
Therefore, the superfamily mediates both fast synaptic excitation and inhibition and is the sole 
source of fast synaptic inhibition in the nervous system of animals. This phenomenon of charge 
selectivity has been studied in pLGICs for many years, but the molecular details of how these 
channels discriminate based on the formal charge have been rather elusive. This is because some 
important residues for charge selectivity are experimentally difficult to mutate and because some 
results were not consistent among members of the superfamily. To study this problem, we have 
used multiscale simulations and made comparisons to experimental data. We find that charge-
selectivity is determined by side-chain electrostatics, and more specifically, that the side-chain 
rotamers of a conserved ring of basic residues, even when not pointing directly towards the pore, 
plays an essential role in the charge selectivity of the anion-selective pLGICs receptors. Pore size 
(previously proposed to play an important role) couldn’t, in and of itself, explain how mutations 
alter channel charge selectivity. Finally, we find that predicting the effect of mutations on charge 
selectivity is not generalizable across the superfamily because other residues within the protein 
determine charge selectivity in mutant channels that lack residues involved in charge selectivity 
of the wild type channel. 
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CHAPTER 1: GENERAL INTRODUCTION 
 
Ion Channels 
Ion channels are membrane proteins that allow the passive flow of ions into and out of cells. 
While the movement of ions is important for both unicellular and multicellular organisms, ion 
channels are a foundational part of the nervous system common to nearly all animals (Hille, 
2001). In the nervous system, a concentration gradient of two highly abundant cations, sodium 
and potassium, is maintained by actively pumping potassium into and sodium out of the cell. 
This concentration gradient creates an environment such that the passive flow of potassium is 
outward. This means potassium moves from the intracellular to extracellular compartment, and 
the passive flow of sodium is inward (from the extracellular to intracellular compartment). 
Within this framework, a negative membrane potential—defined such that the intracellular 
compartment is negative—would impede the outward flow of potassium and a positive 
membrane potential would impede the inward flow of sodium. The equilibrium potential is the 
potential at which the current created by the passive flow of these ions, with respect to their 
concentration gradient, becomes zero. Because of the ionic concentration gradients, the 
equilibrium potential for potassium is negative and the equilibrium potential for sodium is 
positive. 
 In a reduced cell model where all the current into and out of the cell is produced by 
sodium and potassium, and the concentration gradient of each cation is approximately equal, a 
cell that is equally permeable to both cations would have a membrane potential of approximately 
zero. Because the plasma membrane has a high resistance, in a biological context, nearly all ions 
move through ion channels within the membrane. Therefore, a cell’s permeability to ions is 
	   2	  
dictated by the selectivity of the ion channels that are in a conductive conformation within the 
membrane at any particular moment. In a resting-state neuron, the cell membrane has more 
potassium-selective ion channels in a conductive state and therefore has a higher permeability to 
potassium. Because of this, the resting membrane potential deviates from the above ideal 
situation in that it becomes negative rather than zero. In this way, the resting membrane potential 
is closer to the equilibrium potential of potassium than it is to sodium’s and is between  –40 mV 
and –70 mV in many cell types, although the specific number is dependent of the concentration 
and permeability of several permeant ions. 
 The resting membrane potential creates a condition where an increase in the permeability 
to sodium depolarizes the membrane. This depolarization, if sufficiently large, opens voltage-
dependent ion channels, thus, initiating an action potential—the elementary unit of intercellular 
communication in the nervous system (Hodgkin & Huxley, 1939). 
 To understand how the nervous system functions, it is critical to fully characterize 
essential components such as ion channels. These channels can be studied at a cellular level, 
which includes both the expression level and distribution of particular ion channels under 
different conditions in a variety of cell lines, or ion channels can be studied at a molecular level, 
which includes their response to particular stimuli (such as ligands and voltage) and biophysical 
characterization (kinetics, conductance, and selectivity). The research presented here focuses on 
using multiscale computational techniques to understand the molecular basis of two important 
biophysical properties, conductance and selectivity, within a particular family of ion channels: 
the pentameric ligand-gated ion channels (pLGICs). 
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Pentameric Ligand-Gated Ion Channels 
pLGICs are a superfamily of neurotransmitter-gated membrane proteins, present in all domains 
of life, that catalyze the passive flow of ions into and out of the cell (Jaiteh et al., 2016). pLGICs 
are often categorized based on the neurotransmitter that the protein binds with higher affinity and 
examples include the nicotinic Acetylcholine Receptor (AChR), Serotonin Receptor type 3 (5-
HT3), γ-Aminobutyric acid Receptor type A (GABAAR), and the Glycine Receptor (GlyR). 
These channels can be homomeric and contain five copies of the same subunit subtype, such as 
the α7 AChR. These channels can also be heteromeric, such as the adult muscle-type AChR that 
contains two α1, one β1, one δ, and one ε or γ subunit, and each of these individual subunits is an 
AChR subtype within the superfamily (Sine, 2012). A simplistic model of pLGICs defines three 
functionally distinct states: open (active), closed (resting), and desensitized (inactive; Colquhoun 
& Lape, 2012). The open conformation allows the passive flow of ions, whereas the closed and 
desensitized conformations are practically impermeable. In this theoretical framework, the closed 
and desensitized states are functionally distinct in that the closed state has a low affinity for the 
ligand while the desensitized state has a high affinity for the ligand (the open state also has a 
high affinity for the ligand). Presumably, each functionally distinct state constitutes a unique 
structural entity, although the assignment of functional states to structural models is a non-trivial 
endeavor (Gonzalez-Gutierrez et al., 2012).  
Within the framework of the Monod-Wyman-Changeux (MWC) model for protein 
allostery, individual protein molecules can exist in and interconvert between the three functional 
states (Monod, 1965; Changeux, 2013). Neurotransmitters are agonists of pLGICs, and upon 
binding to the protein, the agonists shifts the relative free energies of the functional states such 
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that the open and desensitized become more stable (lower in energy). Therefore, these 
conformations exist with higher probability than in the absence of the agonist. 
 Structurally, pLGICs are made up of five subunits that share an overall similar topology. 
Each of the subunits contains an extracellular domain at the N-terminus of the protein. At the 
interface between adjacent subunits, a binding pocket for the ligand is formed. The two parts of 
the binding site, one from each subunit, are referred to as the principal and complementary face 
where the principal face makes up the outermost portion of the binding site while the 
complementary face makes up the inner-most portion (Hansen et al., 2005). Here, in and out are 
defined based on the distance to the axis of permeation. The extracellular domain is connected to 
the transmembrane domain, which is made up of four transmembrane α-helices. It is often 
conceptually appealing to attribute biophysical properties of these ion channels to either the 
extracellular domain or the transmembrane helices, but the length and composition of the linkers 
between consecutive transmembrane helices is also significant and generally less well 
characterized both in terms of structure and function (Carland et al, 2013; Jansen et al., 2008; 
Kozuska et al., 2014). The polypeptide of each subunit terminates with a motif that is known as 
the C-terminal tail, a portion of the protein that follows the fourth transmembrane segment and 
extends out of the membrane on the extracellular side (Fig. 1.1A). 
 In the membrane, the ion permeation pathway is lined by the M2 α-helices (where the 
four helices of each subunit are denoted M1 through M4 sequentially; Leonard et al., 1988). The 
M2 helix is functionally significant for two major reasons. First, it contains the “gate” 
(Miyazawa et al., 2003; Blanton et al., 1998). This gate denotes the part of the protein that 
changes conformation when the protein moves from the closed state to the open state and 
contains the structural elements that prevent ions from readily crossing the membrane through 
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the closed channel (Unwin, 2013). The working model for this gate suggests that a ring of 
hydrophobic residues at position 9ʹ is responsible for the high-energy barrier to ion permeation in 
the closed state of the channel (prime notation is described below; Paas et al., 2005). Generally, 
this area of study is referred to as gating and is outside the scope of this thesis. Second, the 
intracellular end of M2 contains ionizable residues that are responsible for the conductance and 
charge selectivity of each particular pLGIC. These residues, along with the rest of M2 and the 
M1–M2 linker are denoted in a sequence specific manner using a prime notation, where the 0ʹ 
residue is a highly conserved basic residue at the intracellular end of M2. Amino acids towards 
the N-terminus are denoted with negative prime notation and amino acids that follow 0ʹ are 
denoted with positive prime notation. Both the specific residues in this region and the prime 
notation are shown using a representative sequence alignment of pLGICs in Fig. 1.1B. 
 
Fig. 1.1 pLGIC topology and sequence: (A) Topology of a pLGIC subunit showing the 
extracellular domain, the four transmembrane α-helices, and all linker regions (B) Sequence 
alignment of pLGICs showing the M1 transmembrane α-helix c-terminus, the M1–M2 linker, 
and the M2 transmembrane α-helix n-terminus. The prime notion used to denote sequence 
positions throughout the document is shown above the sequences. Color-coding is consistent 
with that of panel A. 
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One unique feature of the pLGIC superfamily is that it contains channels that are highly 
cation selective and others that are highly anion selective. This is biologically important because 
this superfamily provides the only neurotransmitter-gated anion channel in the animal kingdom. 
These anion selective channels provide the ability for the nervous system to undergo fast 
synaptic inhibition. At a molecular level, the determinants of whether a pLGIC is cation or anion 
selective are contained within the region that forms the intracellular base of M2 (Galzi et al., 
1992; Gunthrope & Lummis 2001; Tillman et al., 2013). This region of the protein is often 
referred to as the selectivity filter. Furthermore, in cation selective channels, the glutamates at 
position –1ʹ make the largest contribution to the wild-type single channel conductance (Imoto et 
al., 1988; Cymes & Grosman, 2012). Operationally, conductance is defined as the slope of a line 
that best fits the data from a single-channel current–voltage (i–V) plot under symmetrical salt 
concentrations where the current through the channel is measured at different membrane 
potentials. It is these features of the intracellular base of M2, namely, its impact on charge 
selectivity and single-channel conductance, that is the focus of this dissertation. 
 Previous single-channel experimental work in the Grosman lab indicated that while it is 
true that the –1ʹ ring of glutamates is the largest determinant of conductance, not all of the 
glutamates make an equal contribution (Cymes & Grosman 2012). Based on extensive single-
channel data, it was deduced that the reason for this is that these glutamates adopt different 
rotamers that have functionally distinct effects on the single-channel conductance. To test and 
extend this hypothesis, I performed a variety of molecular dynamics (MD) and Brownian 
dynamics (BD) simulations. These simulations verified the concept that was conceived using 
experimental data and extended the observations by specifically measuring the effects of 
glutamate rotamers on single-channel conductance and classifying them as having either a large 
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or small impact on the conductance. Furthermore, the results propose a mechanism for how these 
glutamate rotamers modify the free energy landscape of the permeating ion to different extents. 
These results are presented in chapter 2. 
 The molecular basis for the charge-selectivity of pLGICs has been a question of great 
interest for many years. Answers to this question have been quite difficult for a number of 
reasons. One reason is that mutations in the charge-selectivity filter often dramatically decrease 
channel expression (Cymes & Grosman, 2011; Keramidas et al., 2002; Corringer et al., 1999). 
Beyond practical limitations, another major discrepancy is the fact that observations appear to be 
channel dependent. Mutations of the –1ʹ glutamates does not alter the selectivity in either the α7 
or muscle-type AChR, but in the 5-HT3 receptor, the channel loses much of its native cation 
selectivity when the glutamates are neutralized (Cymes & Grosman, 2012; Galzi 1992; 
Gunthrope & Lummis 2001). Furthermore, the general concept of side-chain electrostatics 
determining charge-selective in anion-selective receptors was called into question when removal 
of the basic 0ʹ residue in both the glutamate-gated chloride channel (GluCl) β subunit and the ρ 
subunit of GABAARs created a channel that maintained anion selectivity (Sunesen et al., 2006; 
Wotring et al., 2003). To some extent, these discrepancies have been rationalized by invoking the 
notion that pore size is an important variable in selectivity. Within this framework, mutations, 
insertions and deletions modify the effective pore diameter, and pLGICs that have a narrower 
pore size tend to favor anion selectivity (Keramidas et al., 2004; Lee et al., 2003). 
 In chapter 3, MD, BD, and continuum electrostatic calculations are used to show that the 
0ʹ basic residue is an essential determinant of anion selectivity in pLGICs. These results are in 
agreement with extensive experimental data gathered in the Grosman lab. I also show that pore 
size is not sufficient to explain charge selectivity in these channels, and that pore electrostatics 
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are the dominant variable that dictates charge selectivity. Another hypothesis to explain how 
insertions and deletions in the selectivity filter region change the charges electivity is that these 
mutations act by modifying rotamer preferences of the 0ʹ basic residue (Cymes & Grosman, in 
preparation). Finally, previously noted discrepancies among members of the pLGIC superfamily 
are rationalized by showing that the effect of mutations on charge selectivity is not generalizable 
across the superfamily because other residues within the protein determine charge selectivity in 
mutant channels. 
 
Molecular Dynamics Simulations  
MD is a computational method that uses classical mechanics in conjunction with sophisticated 
computer algorithms to simulate the dynamics of molecules at an atomistic level. A trajectory of 
atomic coordinates is produced by iteratively calculating the force, 𝐹, on every atom in the 
simulation and using Newton’s equation of motions to relate the force on each atom to a 
displacement. This produces information about the dynamics of molecules within a particular 
environment and provides both a time and structural resolution that is generally inaccessible in 
traditional experiments (Karplus & Petsko, 1990). In the most basic form, MD simulations are 
iteratively calculating the force on each atom by solving the negative gradient of the potential 
energy,  𝑈, in 3 dimensions: 𝐹 = −∇𝑈 
 The potential energy is calculated using an all all-atom additive molecular mechanics 
force field. The potential energy, calculated using the force field, has a bonded and non-bonded 
term such that: 𝑈 = 𝑈!"#$%$ + 𝑈!"!!!"#$%$ 
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 The 𝑈!"#$%$ term is, in a simplified form, the summation of three independent terms that 
approximate the potential energy of bonds, angles, and dihedrals such that: 𝑈!"#$%$ = 𝑈!"#$% + 𝑈!"#$%& + 𝑈!"!!"#$%& 
 The 𝑈!"!!!"#$%$ term is the summation of two independent terms that approximate the 
potential energy of van der Waals (vdw) and electrostatic (elec) energies such that: 𝑈!"!!!"#$%$ = 𝑈!"# + 𝑈!"!# 
 In practice, the functional form of each of these terms can change depending on the 
particular force field that is used. Throughout this document, the CHARMM36 force field will 
both be discussed in theory and used in practice (Best et al., 2012). Bonds and angles are treated 
using a harmonic potential with a force constant that is used to modify the stiffness of the bond 
or angle, 𝐾! and 𝐾!, relative to the ideal bond length or angle, 𝑏! and 𝜃!: 𝑈!"#$% = 𝐾!(𝑏 − 𝑏!)! 𝑈!"#$%& = 𝐾!(𝜃 − 𝜃!)! 
 Dihedral angles are represented as a cosine function and show periodic trends based on 
additional parameters: 𝐾! is the force constant, 𝑛 is the multiplicity or symmetry constant, and 𝛿 
is the phase shift constant. The functional form is as follows: 𝑈!"!!"#$%& = 𝐾![1+ cos(𝑛𝜙 − 𝛿)] 
 Non-bonded terms are composed of the electrostatic and vdw component. vdw forces are 
calculated using a 12-6 Lennard-Jones potential that has both an attractive component that is 
raised to the 6th power and a repulsive component that is raised to the 12th power.  All non-
bonded interactions are calculated between two atoms, 𝑖 and 𝑗. Lennard-Jones also includes a 
term that modulates the strength of the interaction, sometimes referred to as the potential 
energy’s “well depth”, between two atoms, 𝜀!" and a minimum radius, 𝑟!"!"#, where the energy of 
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interaction between the two atoms is −𝜀!" and the force is therefore zero. Because this potential 
energy term involves two atoms, in CHARMM36, the interaction constant is calculated using the 
geometric mean, 𝜀!" = 𝜀!𝜀!, and the minimum radius is calculated using the arithmetic mean, 𝑟!"!"# = (𝑟!!"! + 𝑟!!"#) 2. When combined, vdw forces take on the functional form: 
𝑈!"# = 𝜀!"[ 𝑟!"!"#𝑟!" !" − 2 𝑟!"!"#𝑟!" !] 
 The electrostatic component of the non-bonded potential energy is represented by a 
pairwise Coulombic potential. In the force field, every atom is assigned a formal charge, 𝑞, such 
that the individual charges on each atom in a molecule or residue are summed up to give the 
overall charge of that particular molecule or residue. The sign on the charge mediates attraction 
and repulsion such that opposite sign charges decrease the potential energy and same sign 
charges increase the potential energy. These charge-charge interactions are inversely 
proportional to the dielectric constant, 𝜖, and the distance between the two atoms, 𝑟!", such that: 𝑈!"!# =   𝑞!𝑞!𝜖𝑟!"  
 In practice, MD simulations are performed on a finite system that has clear boundaries. 
Here, all simulations are performed using a box with defined distances in x, y, and z dimensions. 
In order for the simulation to be physically realistic, periodic boundary conditions are used so 
that atoms on the edge of the simulation box are interacting with their periodic neighbor rather 
than vacuum. In theory, every atom in the simulation has a non-bonded interaction with all other 
atoms, but the calculation of this interaction energy is computationally expensive. In order to 
circumvent this limitation so that simulations can span longer timescales, vdw interactions 
include a switching and cutoff distance. vdw force calculations, which decay after the distance 
between two atoms becomes larger than 𝑟!"!"#, are truncated beyond a cutoff distance. To 
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maintain energy conservation, a switching distance is used so that the vdw energy follows a 
smooth function that decays to zero as it approaches the cutoff. Generally, the switching and 
cutoff distances are approximately 10 and 12 Å, respectively. For electrostatic efficiency, when 
two atoms are within the cutoff distance, the interaction is calculated directly, often referred to as 
short-range interactions. When the distance between two atoms is greater than the cutoff, long-
range interactions, Particle Mesh Ewald (PME) is used. A PME grid or mesh is defined and 
electrostatics are calculated using a Fourier transform of the charge density within the grid. 
 This potential energy function is well-suited for equilibrium simulations. However this 
type of simulation is limited by the time frame the simulation spans. These simulations currently 
range from nanoseconds to microseconds, in most cases. This timeframe is often not sufficient to 
generate the statistics needed to calculate a quantity of interest. In order to circumvent this 
limitation, enhanced sampling simulations are used (Hénin et al., 2010). In particular, umbrella 
sampling (US) is used in the following research to calculate the potential of mean force (PMF) 
for a particular ion moving through the transmembrane region of a particular pLGIC. 
 To set up a US simulation, a clear reaction coordinate must be defined. Here, the reaction 
coordinate for ion permeation is the z-axis, which is perpendicular to the plane of the membrane, 
for a particular ion of interest. The reaction coordinate is then discretized into individual 
independent windows along the relevant portion. In the following simulations, the 
transmembrane channel region is centered near z equal to zero; the sampling region is between 
+25 and -25 Å along the z-axis with 0.5 Å window spacing. Therefore, just over 100 windows 
are simulated to span this entire region. For each region, an additional harmonic potential is 
applied to the particular ion of interest such that additional potential term is zero at the center of 
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the window, 𝑑!, with respect to a force-constant term, 𝐾!. The reaction coordinate potential 
energy takes the form: 𝑈! = 𝐾!(𝑑 − 𝑑!)! 
This type of simulation biases the ion to the center of the particular window along the 
reaction coordinate and enhances sampling in regions that have a low probability (high energy) 
for the ion. Each window in the simulation produces a histogram of ion positions during the 
simulation. Using a weighted histogram analysis method (WHAM), these histograms can then be 
transformed into a PMF by relating the histograms to the biasing constant, 𝐾!, and the window 
center, 𝑑! (Kumar et al., 1995; Grossfield, 2012). While the PMF could, in theory, be calculated 
using the observed probability of an ion along the reaction coordinate during an equilibrium 
simulation, the probability of an ion existing in a high energy region is low and the short 
timescale of MD simulation does not allow for statistics to be robust enough to make an accurate 
calculation.  
 
Brownian Dynamics Simulations 
BD simulations, unlike MD simulations, are coarse-grained in that only ions are treated 
atomistically. Coarse-graining is used so that simulations can achieve biologically relevant 
timescales in a computationally efficient manner while still accurately modeling the role of the 
potential energy landscape of the protein in ion permeation. As a result, i–V curves can be 
computationally computed. Unlike PMFs, i–V curves have a direct experimental analog to be 
compared to. BD simulations have been used to study ion permeation properties in a large 
variety of channels (Song & Corry, 2010; Chung et al., 1998; Lee et al., 2011b). Multiple BD 
software packages exist to compute biophysical properties of ion channels. These programs often 
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vary in the specific aspects of how concentration gradients are maintained and how the coarse-
grained potential energy is calculated (Graf et al., 2004; Cheung, 1998; Van der Straaten, 2005). 
Here, the grand canonical Monte Carlo/Brownian dynamics (GCMC/BD) algorithm will be 
discussed in theory and used in practice (Im et al., 2000). For brevity, BD is used here to refer to 
its implementation in GCMC/BD.  
In BD, only ions are treated as explicit atoms. The protein, solvent, pore and membrane 
are all treated implicitly with fixed dielectric constants and potential energy surfaces. The pore 
and the solvent are both ion-accessible and in the following studies, have a dielectric constant of 
80. The protein and the membrane are both ion-inaccessible, and in these studies, have a 
dielectric of 2. Ion movement within the simulation is calculated using the BD equation: 𝑑𝑟!𝑑𝑡 = −𝐷!(𝑟!)𝐾!𝑇 ∙ 𝜕𝑈 𝑟!𝜕𝑟! + 𝑑𝐷! 𝑟!𝑑𝑟! + 𝐺!(𝑡) 
Here, 𝑟 is the position of ion 𝑖, 𝐷 is the diffusion constant, 𝐺 is random Gaussian noise 
due to solvent interactions, and 𝑈 is the potential energy. Diffusion constants for potassium and 
chloride (the only ions within the following simulations) are 0.196 Å2/ps and 0.203 Å2/ps, 
respectively. In order to mimic the effects of confinement, the diffusion constants are scaled to 
one half of these bulk values in the central 10 angstroms of the pore using a switching function to 
smooth the diffusion constant between the pore and the bulk values much like non-bonded terms 
are scaled in MD simulations. 
The potential energy term can be decomposed into two sets of terms: explicit and implicit 
interactions. Ion-ion interactions are calculated explicitly using the same non-bonded terms as in 
MD: the Lennard-Jones equation models vdw forces and the Coulombic potential to model 
electrostatic forces. The other aspects of the potential energy term are calculated by measuring 
the interaction between the explicit ion and implicit potential energy surfaces that are the result 
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of protein charges (based on the CHARMM36 force field), a transmembrane potential, the 
potential created at the protein/water dielectric boundary, and the steric potential created to make 
the protein and lipid regions ion inaccessible. One of the main computational advantages of this 
particular implementation of BD is that these potentials are calculated prior to the simulation and 
stored as look-up tables. The Poisson-Boltzmann equation, as implemented in the Poisson-
Boltzmann/Poisson-Nernst-Planck (PB/PNP) solver, is solved along a 0.5 Å grid in order to 
determine the position-dependent electrostatic potential due to both the transmembrane potential 
and the charges on the protein (Im et al., 1998). Because only ion–ion interactions are calculated 
at an atomic level, BD allows for a longer timestep, around 10 fs, as opposed to the 1–2 fs 
timesteps in MD. 
 In order to ensure constant ion concentrations on both sides of the membrane during 
simulations where ions cross from one side of the membrane to the other, a GCMC algorithm is 
used. At the edge of the simulation box, a buffer region is constructed where ions can be created 
and destroyed according to the chemical potential in the buffer region. In this way, the chemical 
potential in the simulation box is maintained and the buffer region acts as a thermodynamic 
reservoir. 
 As a result of the computational efficiency of BD simulations, PMF calculations can be 
computed using an equilibrium simulation where no transmembrane potential is applied. During 
this simulation, ion or charge densities, 𝐶!, can be computed along the axis of permeation. This 
charge density along the BD grid can be related to the charge density of the bulk solution, 𝐶! and 
converted into an energy, 𝐸, using the following equation: 𝐸 = −𝐾!𝑇𝑙𝑛(𝐶! 𝐶!) 
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 Furthermore, i–V curves for symmetric and dilution conditions can be computed by 
calculating the total current through the channel at different transmembrane potentials. To get a 
conductance from an i–V curve, a line is fit through the points along the curve and the slope 
represents the conductance. To measure the charge selectivity of an ion channel, one can either 
compare the ratio of the cation current to the anion current using symmetric ion concentrations or 
one can use a dilution potential where the concentrations of the salt solutions that bathe the 
membrane are asymmetric. In a dilution simulation, the permeability ratios of the relevant cation 
and anion are computed using the Goldman-Hodgkin-Katz (GHK) equation, which is shown 
below assuming a pure KCl solution: 
𝑉! = 𝑅𝑇𝐹 ln 𝑃! 𝐾! ! + 𝑃!" 𝐶𝑙! !𝑃! 𝐾! ! + 𝑃!" 𝐶𝑙! !  
 In this equation 𝑉! is the membrane potential at which the net current is zero (reversal 
potential), bracketed terms are ion concentrations on either the extracellular,  𝑒, or intracellular, 𝑖, 
side and 𝑃, is the permeability coefficient of each ion. In this way, BD simulations can be used to 
produce results that are directly comparable to experiment. 
 
APBSmem 
The Adaptive Poisson-Boltzmann Solver (APBS) is a piece of software that is used to calculate 
electrostatic properties of protein using the Poisson-Boltzman Equation. This equation converts 
fixed protein charges to a continuum electrostatic potential. APBSmem expands the functionality 
of APBS to allow for electrostatic calculations of quantities that are relevant for membrane 
proteins and provides a graphical user interface to set relevant parameters needed for accurate 
electrostatic calculations. APBSmem can be applied to various calculations, such as membrane 
protein insertion energies and pKa calculation, but the use of APBSmem presented here focuses 
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on the calculation of ion solvation free energy. This quantity represents the difference between 
the protein-ion complex relative to the electrostatic energy of the protein and ion alone using the 
following equation: ∆𝐺!"!# = 𝐸!,! − 𝐸! − 𝐸! 
In this equation, 𝐸!  is the electrostatic energy of the protein, 𝐸! is the electrostatic energy of the 
ion, and 𝐸!,! is the electrostatic energy of the protein-ion complex. To calculate the electrostatic 
energy along the entire pore, APBSmem allows the user to create an ion at a specific point on a 
grid to perform the electrostatic calculation and upon completion, the ion is moved a fixed 
distance along the axis of permeation and the calculation is performed again. This process is 
repeated until the calculation spans the entire length of the pore domain. Upon completion of the 
calculation, a 2-dimensional electrostatic energy is calculated for the energetic difference 
between an ion in bulk solution and an ion at any point within the pore. This calculation can then 
be discretized to individual amino acids to see the electrostatic interaction between an amino acid 
and the passing ion as it moves through the pore. 
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CHAPTER 2: EFFECTS OF SIDE-CHAIN ROTAMERS ON ION 
CONDUCTANCE IN THE NICOTINIC ACETYLCHOLINE 
RECEPTOR1 
 
Abstract 
On the basis of single-channel currents recorded from the muscle nicotinic acetylcholine receptor 
(AChR), we have recently hypothesized that the conformation adopted by the glutamate side 
chains at the first turn of the pore-lining α-helices is a key determinant of the rate of ion 
permeation. In this paper, we set out to test these ideas within a framework of atomic detail and 
stereochemical rigor by conducting all-atom molecular dynamics and Brownian dynamics 
simulations on an extensively validated model of the open-channel muscle AChR. Our 
simulations provided ample support to the notion that the different rotamers of these glutamates 
partition into two classes that differ markedly in their ability to catalyze ion conduction, and that 
the conformations of the four wild-type glutamates are such that two of them “fall” in each 
rotamer class. Moreover, the simulations allowed us to identify the mm (χ1 ≅ –60°; χ2 ≅ –60°) 
and tp (χ1 ≅ 180°; χ2≅ +60°) rotamers as the likely conduction-catalyzing conformations of the 
AChR’s selectivity-filter glutamates. More generally, our work shows an example of how 
experimental benchmarks can guide molecular simulations into providing a type of structural and 
mechanistic insight that seems otherwise unattainable. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 This chapter is based on a research article in the Proceedings of the National Academy of 
Sciences of the United States of America: Harpole TJ, Grosman C (2014) Side-chain 
conformation at the selectivity filter shapes the permeation free-energy landscape of an ion 
channel. Proc Natl Acad Sci USA 111:E3196–E3205. 
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Introduction 
The role an ion channel can play in the physiology of a cell is dictated by the rate at which ions 
permeate, the type of ions that permeate, the stimulus that gates the channel open, the rates of 
interconversion among all conductive and non-conductive conformations, and the channel’s level 
of expression in the membrane. In this paper, we are concerned with the chemical determinants 
of the rate at which cations permeate through the muscle nicotinic acetylcholine receptor 
(AChR), an archetypal neurotransmitter-gated ion channel. 
 Several ‘rings’ of negatively-charged residues decorate the walls of the ion-permeation 
pathway of the muscle nicotinic acetylcholine receptor (AChR). Of these, it is the ring of four 
glutamates and one glutamine in the first (N-terminal) turn of the pore-lining M2 transmembrane 
α-helices (the ‘intermediate ring of charge’ at position –1ʹ; Fig. 2.1A) that lowers the energetic 
barrier to cation permeation the most (Imoto et al., 1988). Recently, on the basis of single-
channel currents recorded from mutant AChRs, we proposed that only two of the four glutamates 
in the ring contribute to set the size of the unitary currents, and that these glutamates are 
deprotonated even at pH 6.0 (Cymes & Grosman, 2012). This is in stark contrast to the situation 
in voltage-dependent Ca2+ channels (CaV channels) and cyclic-nucleotide gated channels (CNG 
channels), for example, where all four selectivity-filter glutamates have been suggested to 
contribute (directly or indirectly) to the formation of one (in CaV channels) or two (in CNG 
channels) proton-binding sites that are largely protonated at pH 6.0 (Root & MacKinnon, 1994; 
Chen et al., 1996). Moreover, our results led us to propose that the difference between the 
muscle-AChR glutamates that catalyze cation permeation and those that do not is the 
conformation adopted by their side chains in the open channel (Cymes & Grosman, 2012). 
Furthermore, current recordings from mutant constructs bearing only two glutamates in the ring 
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suggested that the interconversion between these alternate conformers depends on the membrane 
potential with membrane hyperpolarization (that is, making the inside of the cell more negative) 
favoring the conformation(s) that catalyzes cation conduction (Cymes & Grosman, 2012). From 
here, we reasoned that the cation-stabilizing conformation(s) must place the (negatively charged) 
carboxylate group ‘farther’ (in terms of ‘electrical distance’) from the cytoplasmic end of the 
channel than does the non-stabilizing conformation; this led us to refer to the former 
conformation(s) as ‘up’ and to the latter as ‘down’, merely for simplicity. Structural details aside, 
these results supported the notion that the ability of the glutamates at position –1ʹ to affect the 
channel’s conductance to different extents has to do with their conformational flexibility. 
 Essentially, nothing is known about the conformation of these glutamates in muscle or 
non-muscle AChRs from the application of direct structural approaches, and the insight provided 
by the structural models of their bacterial counterparts seems to be of little value. Indeed, all 
currently available structural models of ELIC correspond to a non-conductive state of the 
channel, for example:[Hilf & Dutzler, 2008; Gonzalez-Gutierrez, 2012; Spury R et al., 2012], 
and in GLIC — a bacterial ortholog for which an open-channel model has been proposed — the 
glutamates are shifted to an adjacent position of the primary sequence (position –2ʹ′ rather than 
position –1ʹ′), and thus, are expected to occupy a different location in the M2 α-helix (Bocquet et 
al., 2009; Hilf & Dutzler, 2009). On the other hand, the structural model of the AChR from 
Torpedo (a muscle-type AChR) in the open-channel conformation [Protein Data Bank (PDB) ID 
code 4AQ9;(Unwin & Fujiyoshi, 2012)] was generated from data at too low a resolution for the 
side chains to be located, let alone for their conformations to be determined(Mnatsakanyan, 
Jansen, 2013). As a result, it seems prudent to state that the only insight into the structural 
organization — and certainly, the protonation state — of the muscle-AChR’s ring of glutamates 
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at position –1ʹ′ comes from our single-channel electrophysiology studies (Cymes & Grosman, 
2012). 
 To test our proposal about the pronounced effect of glutamate side-chain conformation on 
the AChR’s single-channel conductance within a framework of stereochemical rigor, we set out 
to perform molecular simulations; no other approach seemed to offer the possibility of studying 
this phenomenon in a more systematic manner and with the required level of atomic detail. To 
this end, we applied all-atom molecular dynamics (MD) and Brownian dynamics (BD) 
simulations to a homology model of the mouse-muscle, open-channel AChR’s transmembrane 
pore that we validated against extensive electrophysiological observations. In remarkable 
agreement with experiments, the simulations pointed to an asymmetric arrangement of glutamate 
side-chain conformations as the basis for the markedly different contribution of the various 
subunits to the single-channel conductance. Furthermore, the simulations allowed us to make 
predictions as to the specific rotamers adopted by the four glutamates in the wild-type channel. 
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Fig. 2.1 A homology model of the muscle AChR 
in the open state: (A) Membrane-threading 
pattern of each AChR subunit. The approximate 
location of the ring of four glutamates and one 
glutamine at position –1ʹ is indicated. (B) Ribbon 
diagrams of our homology model of the M1–M3 
stretch of the mouse-muscle AChR in the open 
state and that of the AChR from Torpedo’s 
electric organ (also in the open state; PDB ID 
code 4AQ9 [Unwin & Fujiyoshi, 2012]). The two 
models were aligned on the basis of their 
backbone atoms. The M1, M2 and M3 α-helices 
are indicated in one of the five subunits. (C) 
Comparison of the distances between the Cα 
atoms and the pore axis (mean ± standard error of 
all five subunits) for residues in the M2 segments. 
In the case of the Torpedo AChR, we applied a 
correction that accounts for the likely 
misthreading of the primary sequence 
(Mnatsakanyan & Jansen, 2013) in the original 
model. PDB ID code 3RHW (Hibbs & Gouaux, 2011) corresponds to a glutamate-gated chloride 
channel from C. elegans in the open state. (D) Comparison of pore-radius profiles estimated 
using HOLE (Smart et al., 1996). Because these profiles depend on the side chains and because 
of the discrepancy between the threading of the primary sequence in our model and that in the 
model of the AChR from Torpedo, the latter was not included in the comparison. Vertical broken 
lines to the right of the plots in C and D indicate the approximate location of the residues.	  
 
Results 
A structural model of the open-channel AChR 
The main objective of this study was to test the notion that the conformation adopted by the 
glutamates of the ‘intermediate ring of charge’ is a major determinant of the muscle-AChR’s 
single-channel conductance. To address this question using molecular simulations, we needed a 
structural model of the receptor in the open-channel state. Although such a model has recently 
become available from postsynaptic membranes of the electric organ of Torpedo fish (Unwin & 
Fujiyoshi, 2012), the low resolution of the cryo-electron microscopy images (6.2 Å) is a serious 
disadvantage when it comes to assigning the location and conformations of the side chains 
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(Mnatsakanyan, Jansen, 2013). Thus, in an attempt to ‘correct’ for these uncertainties while still 
taking advantage of the valuable insight provided by the Torpedo’s AChR data, we generated a 
homology model (Fig. 2.1) combining NMR-based models of the α4 and β2 AChR subunits 
(Bondarenko et al., 2012), cryo-EM data from Torpedo’s open-channel AChR (Unwin & 
Fujiyoshi, 2012), side-chain conformation prediction software (Krivov et al., 2009), and a variety 
of all-atom MD simulations (Phillips et al., 2005; Trabuco et al., 2008), as indicated in detail in 
Materials and Methods. Specifically, the model consists of the M1–M3 stretch of each adult-type 
mouse-muscle AChR subunit; this heteropentamer contains two α1, one β1, one δ and one ε 
subunits. Because the ε subunit contains an ‘extra’ glycine at position –3ʹ of the M1–M2 linker 
that is not conserved in the β2 subunit after which ε was modeled, we omitted this glycine (Gly 
250) from the homology model. 
The final step of the series of procedures that led to a structural model consisted of ~170 
ns of equilibrated MD simulation with an applied electrical potential of –100 mV (negative on 
the intracellular side of the channel). Toward the final time points (‘frames’), the side chains of 
the two α1-subunit (chains A and D) glutamates adopted χ1 and χ 2 torsional angles of 
approximately –65° and 180°, respectively (Fig. 2.2), which correspond to one of the staggered-
angle combinations of dihedral angles for the two sp3–sp3 bonds of the side chain. Hereafter, we 
use the nomenclature of the ‘penultimate rotamer library’ (Lovell et al., 2000; see also Fig. 2.3), 
according to which this rotational isomer (‘rotamer’) is designated as ‘mt’ for ‘minus’ (χ1 = –60° 
± 45°) and ‘trans’ (χ2 = 180° ± 45°). Similarly, toward the end of the simulation, the torsional 
angles of the β1-subunit glutamate side chain were χ1 ≅ –70° and χ2 ≅ –55° (that is, an mm 
conformation), whereas those of the δ -subunit side chain were χ1 ≅ –75° and χ2 ≅ +70° [an mp 
conformation, where ‘p’ (χ = +60° ± 45°) is for ‘plus’]. To learn about the plausibility of these 
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side-chain conformations, we decided to delve deeper into the stereochemistry of side chains in 
the first turn of a α-helix. 
 
Fig. 2.2 Glutamate side-chain 
conformations at the intermediate ring 
of charge: We simulated our homology 
model for ~170 ns using the 
CHARMM36 force field (28) and 
applying a transmembrane potential of –
100 mV (negative on the intracellular 
side of the channel), as described in 
Materials and Methods. The simulation 
started with the last time point (‘frame’) 
obtained upon application of the 
molecular dynamics flexible-fitting 
algorithm (MDFF; ref. 15). We recorded 
the χ1 and χ2 dihedral angles of the four 
wild-type glutamates at position –1ʹ 
every 10 ps and display them, here, 
every 100 ps. (A–D) Chains A–D, 
respectively. On the basis of the results 
of Brownian dynamics simulations, we 
considered the mm and tp rotamers to 
make a high contribution to the 
amplitude of the single-channel current, 
whereas all other rotamers were 
considered to make a low contribution.	  
 
The glutamates of the AChR’s intermediate ring occur in the first turn of a α-helix 
(Mnatsakanyan & Jansen, 2013; Bondarenko, 2012), a region where four residues in a row — 
typically referred to as positions ‘Ncap’, ‘N1’, ‘N2’ and ‘N3’ (Presta & Rose, 1988; Richardson 
& Richardson, 1988) — can form only one of the two i→i–4 backbone–backbone hydrogen 
bonds that are possible at positions in the interior of α-helices. At these four positions, the 
backbone amide groups cannot form hydrogen bonds with backbone carbonyl oxygens; instead, 
nearby side chains often act as hydrogen-bond acceptors. Indeed, the fact that AChRs contain an 
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Asp at position –5ʹ and a Glu at position –1ʹ (that is, the ‘Ncap’ and ‘N3’ positions, respectively) 
suggests that these side chains can accept each other’s backbone amide group to form reciprocal 
hydrogen bonds. This is a common motif (known as the “capping box”) that occurs whenever the 
Ncap and N3 positions are occupied by side chains that are good hydrogen-bond acceptors (Bell 
et al., 1992; Dasgupta & Bell, 1993; Harper & Rose, 1993; Seale et al., 1994; Penel et al., 1999). 
It follows, then, that the torsional free-energy landscape of the N3 glutamate side chains may 
well be biased toward conformations that allow the formation of these backbone–side-chain 
hydrogen bonds with the Ncap aspartates. 
	  
 
 
 
 
 
Fig. 2.3 Rotamer nomenclature: 
Throughout this paper, we refer to the 
different rotamers of the glutamate 
side chain using the ‘mpt’ convention 
followed by the penultimate rotamer 
library (Lovell et al., 2000). (A and B) 
The χ1 and χ 2 dihedral angles of 
glutamate, respectively, are shown 
using Newman projections. Here, we 
define rotamers as 90° ‘slices’ of 
torsional space for each χ angle. ‘m’: –
60° ± 45°; ‘p’: +60° ± 45°; ‘t’: 180° ± 
45°. 
 
 
To learn about the conformation of N3 glutamates in capping boxes of known structure, 
we surveyed the RCSB PDB for structures solved to 2.0 Å or better resolution containing α-
helices [identified using STRIDE (Frishman & Argos, 1995), as implemented in VMD 
(Humphrey et al., 1996)] with Glu or Gln at position N3 and Thr, Ser, Asn or Asp at position 
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Ncap; none of these structures corresponded to a membrane protein, however, let alone to an ion 
channel. Analysis of 200 unique such α-helices (Fig. 2.4 and 2.5 and Table 2.1) revealed that, in 
most cases (66.5 %), glutamate side chains at position N3 adopt an mt conformation (Fig. 2.4), a 
rotamer where the side chain is positioned in such a way that it can accept a hydrogen bond from 
the backbone-amide nitrogen of the Ncap residue while minimizing steric clashes. This is the 
rotamer that the α1-subunit side chains tend to adopt toward the end of the ~170-ns MD 
simulation (Fig. 2.2). In fewer α-helices (6.0 %), N3 glutamates adopt an mm conformation (Fig. 
2.4). This rotamer precludes the formation of the hydrogen bond between the N3 carboxylate 
oxygens and the Ncap amide group, but instead, it allows the interaction of the glutamate side 
chain with the surrounding solvent.  
Fig. 2.4 Side-chain dihedral angles and a 
rotamer library of glutamates at position N3 
of α-helices: (A) The molecule of glutamate 
and the dihedral angles of its side chain. χ1 and 
χ2 are the two dihedral angles between sp3 
carbons. (B) The ‘mpt’ nomenclature of the 
penultimate rotamer library (Lovell et al., 
2000), where ‘m’ stands for ‘minus’, ‘p’ for 
‘plus’ and ‘t’ for ‘trans’, was used throughout 
this paper and is explained using Newman 
projections; see also Figure 2.3. (C) A library 
of side-chain rotamers of glutamates at position 
N3 of α-helices with good hydrogen bond-
acceptor side chains (that is, serine, threonine, 
asparagine or aspartate) at position Ncap; see 
also Table 2.1. Each circle represents one of the 
175 glutamate side chains analyzed. Black 
circles denote side chains in conformations that, 
according to our ±45° criterion (‘m’: –60° ± 
45°; ‘p’: +60° ± 45°; ‘t’: 180° ± 45°), cannot be 
classified as any of the nine possible rotamers 
of glutamate; thus, these conformations can be 
considered to be nearly eclipsed. The frequencies of the different rotamers are: mt, 65.7% 
(115/175); tt, 15.4% (27/175); tp, 7.4% (13/175); mm, 4.6% (8/175); pt, 2.9% (5/175); and mp, 
0.6% (1/175). The other possible rotamers were not represented in this library. The remaining 
3.4% (6/175) corresponds to the black circles.	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Fig. 2.5 The six most likely rotamers of 
glutamate: The six most likely rotamers of 
glutamate (Fig. 2.4C) were modeled at the 
intermediate ring of charge of our open-
channel, muscle-AChR structural model. 
For each rotamer, we chose the 
combination of χ1 and χ2 angles that is most 
frequent according to the penultimate 
rotamer library (16). (A) Side view of the 
six rotamers; only the glutamate of the δ 
subunit is shown. (B) View from the 
intracellular side. The four glutamates (of 
the two α1, the β1 and the δ subunits) and 
one glutamine (of the ε subunit) are shown. 
For both panels, the numbers in parentheses 
denote the frequency of each rotamer in our 
library of N3 glutamates (Fig. 2.4C and 
Table 2.1). 
 
 
This is the type of conformation the β1-subunit side chain adopts toward the end of the 
simulation (Fig. 2.2). In this rotamer, and in the particular context of the AChR, the negatively 
charged carboxylate seems to be optimally positioned to interact with both the water inside the 
pore and the passing cations, whereas the backbone amide nitrogen can still donate a hydrogen 
bond to the Ncap side chain. As for the δ-subunit, the glutamate side chain adopts an mp 
conformation (Fig. 2.2), a rotamer that was observed in only one of the 200 glutamates at 
position N3 that we analyzed. In this rotamer, the backbone amide and the side-chain carboxylate 
are positioned in such a way that they can form an intra-residue hydrogen bond, but the near 
absence of this type of conformation in the set of surveyed structures suggests that the patterns of 
hydrogen bonds allowed by the other rotamers are far more stabilizing. It has already been noted 
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that the CHARMM36 all-atom protein force field may overestimate the energy associated with 
the intra-residue electrostatic interaction between the side-chain and the backbone-amide 
hydrogen of glutamate (Best et al., 2012). For comparison, inspection of the dihedral angles 
adopted during the ~170-ns MD simulation by the side chains of the (naturally occurring) 
glutamates at the other, C-terminal end of the M2 α-helix — a region where no backbone amide 
group is left without a backbone carbonyl-oxygen hydrogen-bond partner — revealed that the mt 
rotamer dominates the torsional landscape followed by mm; the occupancy of the mp rotamer 
was negligible (Fig. 2.6). In light of these ideas, and as an initial way of dealing with this 
discrepancy, we decided to dismiss the mp rotamer of the glutamate at position N3 of the δ-
subunit and considered, instead, the next most frequent type of conformation adopted by this side 
chain in our MD simulations: the mm rotamer. 
Fig. 2.6 Glutamate side-
chain rotamer at the 
extracellular mouth of the 
pore: Near the C-terminal 
end of the M2 α-helix, the 
muscle AChR has four 
glutamates: two at position 
20ʹ′ of the two α1 subunits, 
and two at position 24ʹ′ of 
the β1 and ε subunits. 
Using the same ~170-ns 
MD simulation as that used 
to follow the conformation 
of the glutamates at 
position –1ʹ′ in Figure 2.2, 
we recorded the χ1 and χ2 
dihedral angles of the 
glutamates at positions 20ʹ′ 
and 24ʹ′. These angles were 
recorded every 10 ps and 
are displayed, here, every 
100 ps. (A–D) Chains A, B, 
D and E, respectively. 
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BD-computed current–voltage properties 
We set out to compute the single-channel current–voltage (i–V) relationships of structural models 
using BD simulations. To this end, several different frames occurring toward the end of the MD 
simulation (Fig. 2.2) and containing both α1-subunit glutamates in an mt conformation and both 
the β1- and δ-subunit glutamates in an mm conformation were selected at random. For one of 
these time points (Fig. 2.7A), the BD-estimated conductance at 27 °C with 150-mM KCl bathing 
both ends of the channel was ~147 pS (Fig. 2.7B), which is in good agreement with the 
experimentally estimated value of ~138 pS for the wild type — and ~160 pS for the mutant 
without the εGly at position –3ʹ — at ~22 °C, in the cell-attached configuration ([K+]pipette ≅ 147 
mM; Cymes & Grosman, 2012). Importantly, out of a total of 2,443 ion crossings (in both 
directions) computed to generate this plot, 2,440 corresponded to K+ (and the other three 
crossings corresponded to Cl–), and an i–V curve computed with a 1/10 ratio of KCl 
concentrations across the membrane ([KCl]in = 150 mM; [KCl]out = 15 mM) displayed a reversal 
potential of ~–62.5 mV (at 27 °C; Fig. 2.7C), quite close to the value of –59.5 mV (–55.0 mV, if 
activity coefficients were taken into account) that would be expected from a perfectly cation-
selective channel. Furthermore, we found that replacing the glutamates of the α1 subunit and the 
glutamine of the ε subunit with alanines leaves the BD-computed single-channel conductance 
largely unaffected (~138 pS; Fig. 2.7B) in complete agreement with our experimental 
observations for this triple mutant (~142 pS; Cymes & Grosman, 2012). Similarly, we found that 
replacing the four glutamates and one glutamine of the intermediate ring with five alanines 
lowers the BD-computed single-channel conductance to ~29 pS and introduces some inward 
rectification, with the rectilinear portion of the i–V plot at negative membrane potentials 
projecting onto the voltage axis at ~–52 mV (Fig. 2.7B). In close quantitative agreement, cell-
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attached single-channel patch-clamp measurements indicate that the conductance of this ‘all-
alanine’ mutant AChR is ~31 pS and that the rectilinear portion of the i–V plot at negative 
membrane potentials projects onto the voltage axis at ~–40 mV. Hereafter, we refer to this 
particular time point of the equilibrated MD as ‘the working model’ (Fig. 2.7A). 
 	   	  
Fig. 2.7 The working model: 
(A) Ribbon representation of 
our working homology model 
of the muscle-AChR M1–M3 
stretch as viewed from the 
intracellular side; only the five 
M2 α-helices and M1–M2 
linkers are shown. The four 
glutamates and one glutamine 
of the intermediate ring of 
charge are shown in stick 
representation. The dihedral-
angle combinations of the 
glutamate side chains of the 
two α1 subunits correspond to 
the mt rotamer, whereas those 
of the glutamates of the β1 and 
δ subunits (and the glutamine 
of the ε subunit) correspond to 
the mm rotamer. (B) 
Comparison of BD-computed and experimentally estimated single-channel i–V curves for the 
wild-type AChR and two constructs containing mutations at position –1ʹ. Hollow circles 
represent experimental values estimated from cell-attached patch-clamp recordings performed 
with a pipette solution containing (in mM): 142 KCl, 5.4 NaCl, 10 Hepes/KOH, pH 7.4; the cells 
were bathed in a solution containing (in mM): 142 KCl, 5.4 NaCl, 1.8 mM CaCl2, 1.7 mM 
MgCl2, 10 Hepes/KOH, pH 7.4 (Cymes & Grosman, 2012). Filled circles represent BD-
computed values with 150 mM KCl on both sides of the simulated channel; the symbols 
corresponding to the wild type are obscured by those corresponding to one of the mutants. Solid 
lines are linear fits to these BD-computed values. Error bars are standard errors of five replicates. 
(C) BD-computed i–V curve for the wild-type AChR model under KCl-dilution conditions. The 
computed reversal potential is very close to the equilibrium potential of the cation. Error bars are 
standard errors of five replicates. 
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The effect of side-chain conformation 
To better understand the effect of different side-chain conformations on single-channel 
conductance, we generated additional structural models — each having the four glutamates at 
position –1ʹ in a given rotamer — and computed the corresponding values using BD simulations. 
We limited these computations to the six rotamers of glutamate that are present at least once in 
our culled library of 200 α-helices (Fig. 2.4C and Table 2.1). As shown in Figure 2.8 A and B, we 
found that the BD-computed single-channel conductance values are (in pS): 231, 193, 119, 92, 
78 and 53 for the models with all four glutamates in the tp, mm, tt, mt, mp, and pt rotamers, 
respectively. Thus, it seems as though the contributions of the different rotamers to the single-
channel conductance partition, roughly, into two groups: tp and mm contribute more (we refer to 
these conformations as ‘conduction-catalyzing’), and the other four rotamers — notably 
including the mp rotamer, which the MD simulations favor at the δ subunit — contribute 
Extending these results to our working model of the wild-type muscle AChR (Fig. 2.7A), this 
would mean that the α1-subunit glutamates (which adopt the mt rotamer) contribute to the 
amplitude of the single-channel currents to a lower extent than do the glutamates of the β1 and δ 
subunits (which adopt the mm rotamer). To further test this idea, we replaced the α1-subunit 
glutamates in our model with alanines while leaving the β1- and δ-subunit glutamates 
unmodified, and computed the corresponding i–V curve; the single-channel conductance turned 
out to be ~136 pS, which is very close to the value of ~147 pS computed by BD for the (four-
glutamate) working model. Importantly, the negligible effect of the α1-subunit glutamates on 
single-channel conductance found through simulations is in remarkable agreement with our less. 
previous experimental findings (Cymes & Grosman, 2012). For the sake of completion, we also 
computed the i–V curve corresponding to a model where the β1- and δ-subunit glutamates were 
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replaced with alanines while leaving the α1-subunit glutamates unmodified; the single-channel 
conductance turned out to be ~61 pS, comparatively close to the value of ~29 pS computed for 
the model containing no glutamates at all at this position. 
 
	  
	  
Fig. 2.8 Effect of conformation and number of glutamates on the BD-computed single-
channel conductance: (A) BD-computed single-channel i–V curves with 150 mM KCl on both 
sides of the channel. The solid lines are linear fits to the BD-computed values. The black circles 
(and dashed line) correspond to our working model of the wild-type muscle AChR (Fig. 2.7A). 
All other colors correspond to models that differ from the latter in that the four glutamates of the 
intermediate ring were forced to adopt the same rotamer. For each rotamer, we chose the 
combination of χ1 and χ2 angles that is most frequent according to the penultimate rotamer 
library (Lovell et al., 2000). (B) BD-computed PMF profiles at zero voltage. The color code is 
the same as in A. (C) Single-channel i–V curves computed and displayed as in A. The black 
circles (and dashed line) correspond to our working model of the wild-type muscle AChR. All 
other colors correspond to models that differ from the latter in that the intermediate ring consists 
of different combinations of glutamates and alanines; the number of glutamates (all in the mm 
rotamer) in such combinations is indicated. (D) BD-computed PMF profiles at zero voltage. The 
color code is the same as in C. To generate the different structural models analyzed in this figure, 
we used Coot (Emsley et al., 2010). For all four panels, error bars are standard errors of five 
replicates. For clarity of display, in B and D, the caps on the error bars were omitted. 
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The effect of the number of glutamate side chains 
To gain insight into the effect of the number of glutamates at position –1ʹ on single-channel 
conductance, we used, again, BD simulations. Starting with a model having five alanines at 
position –1ʹ, we added glutamates (one at a time) in the mm rotamer. This is the rotamer adopted 
by the glutamate side chains of the β1 and δ subunits of our working model, and one of the 
glutamate rotamers that contributes the most to the single-channel conductance according to our 
BD simulations (Fig. 2.8 A and B). The computed i–V plots (Fig. 2.8C) indicate that each added 
mm glutamate increases the single-channel conductance: in going from zero to one, from one to 
two and from two to three, each additional glutamate increases the conductance by 50 pS, 57 pS 
and 57 pS, respectively. However, in going from three to four and from four to five mm 
glutamates, the conductance increases by only 14 pS and 23 pS, respectively. Experimentally, we 
found that the single-channel conductance increases by ~50 pS in going from zero to one (in any 
subunit), and by ~60 pS in going from one to two glutamates in the β1 and δ subunits (Cymes & 
Grosman, 2012). Addition of two more glutamates in the α1 subunits (of course, without control 
over or knowledge of the conformation adopted by the introduced side chains) did not increase 
the conductance any further (Cymes & Grosman, 2012). Indeed, this is the finding that 
previously led us to hypothesize that the four wild-type glutamates make drastically different 
contributions to the single-channel current amplitude (Cymes & Grosman, 2012). Moreover, 
whereas the BD-computed conductance of a model with five glutamates in the mm rotamer is 
230 pS, that of a model with three mm glutamates (in β1, δ and ε) and two mt glutamates (in 
both α1 subunits) is 185 pS. Remarkably, the experimentally estimated conductance of the 
mutant having five glutamates in the intermediate ring (and without the Gly at position –3ʹ) is, 
also, 185 pS (Cymes & Grosman, 2012). 
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Inspection of the BD-computed ion-permeation potential-of-mean-force profiles (PMF; 
Fig. 2.8D) revealed that a model having an intermediate ring with five alanines poses a broad 
free-energy barrier to cation conduction that peaks at around position 2ʹ′, three residues away 
from position –1ʹ toward the extracellular side. We found that each additional glutamate (in the 
mm rotamer) modeled at position –1ʹ lowers the PMF in this region in such a way that the peak 
of the profile eventually shifts from around position 2ʹ′ to position 9ʹ′; in the wild-type (black 
line), the PMF peaks at position 9ʹ. 
 Overall, the striking similarity between the i–V properties computed by BD simulations 
and those estimated experimentally from the wild-type channel and several mutants provides 
ample support to our structural model of the muscle AChR’s pore in the open-channel 
conformation. 
 
The mp rotamer of glutamate 
The assignment of the mm conformation to the δ-subunit glutamate gave rise to a structural 
model whose BD-computed i–V properties are very similar to those estimated experimentally 
from the wild-type AChR. Furthermore, with this choice of rotamer, the resulting arrangement of 
side-chain conformations is such that two of the glutamates are predicted to contribute to the 
single-channel conductance much more than the other two, in complete agreement with what we 
have inferred from experiments (Cymes & Grosman, 2012). However, during ~170 ns of MD 
simulation, the probability of the glutamate side chain of the δ subunit adopting the mm rotamer 
was only ~0.03, whereas the probability of occupying the mp rotamer was ~0.97; almost no 
other rotamer was visited (Fig. 2.2; for comparison, in the same simulation, the β1-subunit 
glutamate adopted the mm rotamer with a probability of 0.95). 
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Fig. 2.9 MD simulation: starting with all 
mm rotamers: We simulated our homology 
model (as in Fig. 2.2) for 135 ns, but this 
time, the simulation started upon ‘forcing’ all 
four wild-type glutamates to adopt an mm 
conformation (using a harmonic restraint of 5 
kcal·mol–1·Å–2). Specifically, the initial 
angles were χ1 = –65° and χ2 = –58°, that is, 
the most common mm-type combination of 
dihedral angles according to the penultimate 
rotamer library. We recorded the χ1 and χ2 
values of these four glutamates every 10 ps 
and display them, here, every 100 ps. (A–D) 
Chains A–D, respectively. We considered the 
mm and tp rotamers to make a high 
contribution to the amplitude of the single-
channel current, whereas all other rotamers 
were considered to make a low contribution 
(Fig. 2.8 A and B). 
 
  
 To address the possibility that this discrepancy represents an artifact of the limited 
duration of the MD simulation, we performed another simulation, this time starting with all four 
glutamate side chains in the mm rotamer (Fig. 2.9). In the first tens of picoseconds, this initially 
symmetric arrangement of four glutamates in a conduction-catalyzing conformation evolved into 
a configuration with only one glutamate in the mm rotamer (none adopted the tp), much like 
during the first simulation (Fig. 2.2). In the present case, however, it was one of the α1-subunit 
glutamates that adopted the mm rotamer; the other three glutamates were, largely, mp. We 
repeated this simulation three more times (reaching a total of 430 ns; Figs. 2.10-2.12) — all 
starting with four mm glutamates — and in all cases, the simulations pointed to a final 
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configuration of essentially only one glutamate adopting a conduction-catalyzing conformation 
(Fig. 2.13).  
 	  	  
 
 
 
 
Fig 2.10 MD simulation: starting with all mm 
rotamers (2nd replicate): This 135-ns simulation 
is a replicate of that illustrated in Figure 2.9. 
Identical conditions and starting configuration of 
side-chain conformations were used. (A–D) 
Chains A–D, respectively. 
 
 
  
 
 
 	  
 
 
 
 
 
 
 
Fig. 2.11 MD simulation: starting with all mm 
rotamers (3rd replicate): This 85-ns simulation is 
another replicate of that illustrated in Figure 2.9. 
Identical conditions and starting configuration of 
side-chain conformations were used. (A–D) Chains 
A–D, respectively. 	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Fig. 2.12 MD simulation: starting with all 
mm rotamers (4th replicate): This 75-ns 
simulation is another replicate of that illustrated 
in Figure 2.9. Identical conditions and starting 
configuration of side-chain conformations were 
used. (A–D) Chains A–D, respectively. 
 	  	  
 
 
 
 
Fig. 2.13 Number of glutamates 
in a conduction-catalyzing 
rotamer:  The total number of 
selectivity-filter glutamates in the 
mm or tp rotamers is plotted as a 
function of time for the four MD 
simulations that started with all 
four wild-type glutamates in the 
mm rotamer (Figs. 2.9-2.12). 
The data are displayed every 100 
ps. For some of the panels, the 
transition from four mm 
glutamates to fewer than four 
was too fast to be appreciated in 
these plots. (A–D) Data 
corresponding to the simulations 
illustrated in Figures 2.9-2.12, 
respectively. For each panel, the 
mean number of glutamates in a conduction-catalyzing rotamer was calculated excluding the first 
25 ns of simulation.	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 We also ran a 100-ns MD simulation using the AMBER ff99SB* force field (Best et al., 
2009) for the protein, instead of the CHARMM36 force field that we used in all other cases, and 
found that this change has essentially no effect on the results. Indeed, only one of the four 
glutamates adopted a conduction-catalyzing conformation (Fig. 2.14). 
	  
	  
 
 
Fig. 2.14 Using the AMBER 
ff99SB* force field for the protein: 
This 100-ns MD simulation was run 
under identical conditions and with 
the same starting configuration of 
side-chain conformations as the 
simulation illustrated in Figure 2.2, 
but here, we used the AMBER 
ff99SB* force field rather than 
CHARMM36 for the protein. We 
recorded the χ1 and χ2 dihedral 
angles of these four glutamates every 
10 ps and display them, here, every 
100 ps. (A–D) Chains A–D, 
respectively. We considered the mm 
and tp rotamers to make a high 
contribution to the amplitude of the 
single-channel current, whereas all 
other rotamers were considered to 
make a low contribution (Fig. 2.8 A 
and B). 
 
  
 
 
 Inspection of all the MD simulations presented thus far indicates that the number of 
glutamate side chains adopting the conduction-catalyzing, mm or tp rotamers is essentially one, 
which contrasts with the number of two such rotamers predicted by BD and electrophysiological 
recordings. Furthermore, the MD simulations indicate that the δ-subunit glutamate adopts the 
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rare mp rotamer most of the time. The mp rotamer of glutamate is stabilized by the intra-residue 
hydrogen bond formed between the carboxylate side chain and the backbone amide, and it has 
been noted that the importance of this interaction — relative to all other possible interactions that 
these moieties can establish in the first turn of a α-helix — may be overestimated in MD 
simulations (Best, et al., 2012). Thus, we wondered what would happen to the δ-subunit 
glutamate if the relative stability of the mp rotamer were lowered. To answer this question, we 
ran four more MD simulations under conditions expected to either weaken this intra-residue 
bond or strengthen other, competing interactions. First, we removed the negative charge from 
this glutamate by ‘mutating’ it to glutamine. To preserve the four-glutamate–one glutamine 
composition of the wild-type ring, we also ‘mutated’ the ε-subunit glutamine to glutamate. We 
ran a 100-ns MD simulation starting with the same frame as that used for our first simulation 
(Fig. 2.2), the only difference being that the chemical identities (but not the conformations) of 
the δ- and ε -subunit side chains were swapped. Notably, the side chain of glutamine in the δ 
subunit changed conformation quickly and occupied the mm rotamer with a probability as high 
as 0.765 after the first 25 ns of simulation (Fig. 2.15) — an increase by a factor of ~21 relative to 
that of a glutamate in δ (Fig. 2.2C). On the other hand, the side-chain of glutamate in the ε 
subunit adopted the mp rotamer nearly all the time (Fig. 2.16). Importantly, in our simulations of 
the wild-type channel, the side-chain of the ε-subunit glutamine rarely dwelled in the mp 
rotamer. 
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Fig. 2.15 Effect of glutamate-to-glutamine 
mutation on the stability of the mp rotamer: We 
‘mutated’ the wild-type model so as to have a 
glutamine in the δ subunit and glutamates in all other 
subunits — thus preserving the wild-type four-
glutamate–one-glutamine composition of the ring — 
and simulated the system for 100 ns. All other 
conditions and the starting configuration of side-
chain conformations were the same as those used for 
the MD simulation illustrated in Figure 2.2. We 
recorded the χ1 and χ2 dihedral angles of the δ-
subunit glutamine every 10 ps and display them, 
here, every 100 ps. As shown in the figure, mutating 
the glutamate of the δ subunit to a glutamine 
decreased the side-chain’s occupancy of the mp 
rotamer and increased the occupancy of the mm 
rotamer (compare to Fig. 2.2C). The χ1 and χ2 
dihedral angles of the four glutamates of this mutant 
construct are displayed in Figure 2.16. 
 	  
	  
	  
 
 
 
Fig. 2.16 Moving the single glutamine around 
the ring: This figure displays the χ1 and χ2 
dihedral angles of the four glutamates of the 
mutant construct having a glutamine in the δ 
subunit and glutamates in the other four 
subunits; the dihedral angles of the δ-subunit 
glutamine are displayed in Figure 2.15. (A–D) 
Chains A, B, D and E, respectively. We 
considered the mm and tp rotamers to make a 
high contribution to the amplitude of the single-
channel current, whereas all other rotamers were 
considered to make a low contribution (Fig. 2.8 
A and B). 
 
 
  
 The other three simulations run under conditions aimed at destabilizing the mp rotamer 
of glutamate led, essentially, to the same result. Certainly, removing the positive charge from the 
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backbone-amide hydrogen atom (Fig. 2.17), increasing the transmembrane potential from –100 
mV to –1 V (Fig. 2.18), and fixing a K+ inside the pore (between positions –1ʹ′ and 2ʹ′; Fig. 2.19) 
decreased the occupancy of the mp rotamer and increased the occupancy of the (conduction-
catalyzing) mm rotamer, with the occupancies of all other rotamers remaining very low. Thus, 
the unexpectedly high occupancy of the mp rotamer in some of our simulations may indeed be 
the result of the challenge posed by the particular pattern of hydrogen bonds in the first turn of a 
α-helix. 	  
Fig. 2.17 Destabilizing the mp rotamer 
of glutamate: maneuver #2: We removed 
the positive charge from the backbone-
amide hydrogen atom (+0.31e) of the δ-
subunit glutamate and simulated the 
system for 100 ns. All other conditions 
and the starting configuration of side-chain 
conformations were the same as those 
used for the MD simulation illustrated in 
Figure 2.2. We recorded the χ1 and χ2 
dihedral angles of these four glutamates 
every 10 ps and display them, here, every 
100 ps. (A–D) Chains A–D, respectively. 
We considered the mm and tp rotamers to 
make a high contribution to the amplitude 
of the single-channel current, whereas all 
other rotamers were considered to make a 
low contribution (Fig. 2.8 A and B). As 
shown in C, the removal of this positive 
charge decreased the δ -subunit glutamate 
side chain’s occupancy of the mp rotamer 
and increased the occupancy of the mm 
rotamer: excluding the first 25 ns of 
simulation, the time-averaged probability 
of this side chain making a high 
contribution to the single-channel conductance increased by a factor of ~14, from 0.036 (Fig. 
2.2C) to 0.503 (the probability of the side-chain adopting a rotamer other than mm or mp was 
negligible). 
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Fig. 2.18 Destabilizing the mp rotamer of glutamate: 
maneuver #3: We increased the transmembrane electrical 
potential from –100 mV (negative on the intracellular side of 
the channel) to –1,000 mV and simulated the system for 100 
ns. We did this because our electrophysiological recordings 
from the muscle AChR suggested that hyperpolarization 
favors the occupancy of conformation(s) of the –1ʹ glutamate 
side chains that make a large contribution to the single-
channel conductance, at least in constructs bearing only two 
glutamates in the ring. All other conditions and the starting 
configuration of side-chain conformations were the same as 
those used for the MD simulation illustrated in Figure 2.2. 
(A–D) Chains A–D, respectively. We considered the mm 
and tp rotamers to make a high contribution to the amplitude 
of the single-channel current, whereas all other rotamers 
were considered to make a low contribution (Fig. 2.8 A and 
B). As shown in C, making the transmembrane potential more negative decreased the δ-subunit 
glutamate side-chain’s occupancy of the mp rotamer and increased the occupancy of the mm 
rotamer: excluding the first 25 ns, the time-averaged probability of this side chain making a high 
contribution to the single-channel conductance increased by a factor of ~11, from 0.036 (Fig. 
2.2C) to 0.412 (the probability of the side-chain adopting a rotamer other than mm or mp was 
comparatively small). 
	  
Fig. 2.19 Destabilizing the mp rotamer of glutamate: 
maneuver #4: We fixed a K+ inside the pore, between 
positions –1ʹ and 2ʹ — the region of the transmembrane 
pore where a permeating cation is most likely to reside 
according to our PMF calculations (Fig. 2.8 B and D) — 
and simulated the system for 100 ns. The rationale behind 
this maneuver was to provide some ‘competition’ to the 
positive charge on the backbone-amide hydrogen of the 
δ-subunit glutamate as the interaction partner of this 
glutamate’s side-chain carboxylate group. All other 
conditions and the starting configuration of side-chain 
conformations were the same as those used for the MD 
simulation illustrated in Figure 2.2. We recorded the χ1 
and χ2 dihedral angles of these four glutamates every 10 
ps and display them, here, every 100 ps. (A–D) Chains 
A–D, respectively. We considered the mm and tp 
rotamers to make a high contribution to the amplitude of 
the single-channel current, whereas all other rotamers were considered to make a low 
contribution (Fig. 2.6 A and B). As shown in C, fixing a K+ between positions –1ʹ and 2ʹ 
decreased the δ-subunit glutamate side-chain’s occupancy of the mp rotamer and increased the 
occupancy of the mm rotamer: excluding the first 25 ns, the time-averaged probability of this 
side chain making a high contribution to the single-channel conductance increased by a factor of 
~3.7, from 0.036 (Fig. 2.2C) to 0.132 (the probability of the side-chain adopting a rotamer other 
than mm or mp was negligible). 
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Discussion 
Molecular simulations provided us with the chemical and structural rigor that our 
electrophysiological observations, naturally, lacked. For example, we can now classify the 
different rotamers of glutamate on the basis of their predicted effect on the amplitude of the 
single-channel current: according to the BD simulations, the negatively charged side chain of the 
muscle-AChR’s glutamates of the intermediate ring seem to be best positioned to catalyze the 
permeation of cations when adopting an mm or a tp conformation. It is tempting to speculate, 
then, that the two glutamate side chains that contribute to set the size of the muscle-AChR’s 
unitary current interconvert rapidly (more rapidly than we can detect electrophysiologically) 
between the mm and tp rotamers. Similarly, the two glutamate side chains that do not contribute 
appreciably to the currents would interconvert rapidly between rotamers other than mm or tp. 
Clearly, we cannot rule out the possibility that interconversions between these two classes of 
rotamer also occur, but if they did, they would have to take place in such a way that at, any point 
in time, two of the glutamates adopt one class of rotamer and the other two glutamates adopt the 
other class of rotamer. Thus, if one of the glutamate side chains ‘crossed’ rotamer classes, then 
another one would be expected to do so in the opposite direction quickly thereafter. 
 Regarding the BD simulations, we find the agreement with experiments to be remarkable, 
especially considering that this method treats the electrostatics as a continuum and uses static 
structures for the computation of the i–V curves. However, we would like to point out that the 
marked numerical agreement between the BD-computed and the experimentally determined 
single-channel conductance values has its limitations. Indeed, as has been the case for the 
structural models of other ion channels, our BD simulations failed to reproduce the relationship 
between single-channel conductance and cation concentration that is observed experimentally for 
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the muscle AChR. Although the electrophysiologically estimated conductance is already at a 
maximum at 150-mM concentration of monovalent cations (Elenes et al., 2009), the BD-
computed values keep increasing even at 1-M KCl (Fig. 2.20A). Thus, the numerical agreement 
may be regarded as somewhat fortuitous; the numbers would not have been so similar if we had 
chosen to run the experiments and the simulations at a KCl concentration higher than 150 mM. 
Also, although our BD simulations correctly predict the small effect of mutating the ring of 
aspartates at position –5ʹ to alanines on the AChR’s single-channel conductance, the simulations 
greatly overestimate the effect of mutating the acidic side chains at position 20ʹ (Fig. 2.20B).  
	  
	  
Fig. 2.20 Limitations of the BD simulations: (A) Relationship between the BD-computed 
single-channel current amplitude (here, at –100 mV) and salt concentration for the working 
model of the muscle AChR (Fig. 2.7A). In contrast to these simulations, electrophysiological 
recordings obtained from the wild-type muscle AChR revealed that the single-channel 
conductance at a concentration of 150-mM of monovalent cations is already at a maximum 
(Elenes, et al., 2009). (B) Effect of neutralizing the acidic side chains of the ‘intracellular’ 
(position –5ʹ), ‘intermediate’ (position –1ʹ) and ‘extracellular’ (position 20ʹ) rings of charge on 
the BD-computed i–V curves. Hollow circles represent experimental values estimated from the 
wild-type and mutant muscle AChRs in cell-attached patch-clamp recordings performed with a 
pipette solution containing (in mM): 142 KCl, 5.4 NaCl, 10 Hepes/KOH, pH 7.4; the cells were 
bathed in a solution containing (in mM): 142 KCl, 5.4 NaCl, 1.8 mM CaCl2, 1.7 mM MgCl2, 10 
Hepes/KOH, pH 7.4 (Cymes & Grosman, 2009). Filled circles represent BD-computed values 
with 150 mM KCl on both sides of the simulated channel. The solid lines are linear fits to these 
BD-computed values. The remarkable agreement between simulations and experiments does not 
hold for the neutralizing mutations at position 20ʹ. For both panels, error bars on the BD-
computed data points are standard errors of five replicates. 
	   44	  
 Finally, our homology model lacks the entire extracellular domain, the long intracellular 
M3–M4 linker, and the M4 transmembrane segment, the first two of which are expected to affect 
the single-channel conductance of the muscle AChR, at least to some extent (Peters et al., 2006; 
Hansen et al., 2008). Despite these caveats, however, and even if the numerical agreement had 
only been approximate, the notion that the BD simulations predicted the effect of mutations to 
the ring of –1ʹ glutamates lends credence to the predictions made by these simulations for 
situations that cannot be controlled experimentally, such as the effect of defined rotamers on i–V 
curves. 
 We examined the six most likely rotamers of glutamate in the context of the AChR’s 
open-channel structural model (Fig. 2.5) in an attempt to identify what causes the different 
conformations of glutamate to contribute to the single-channel conductance to different degrees. 
We analyzed different geometric variables and found that the BD-computed conductance 
decreases monotonically with the distance between the carboxylate oxygens and the center of 
mass of the five-leucine ring at position 9ʹ (Fig. 2.21), that is, the position at which the ion-
permeation PMF of the wild-type channel peaks (Fig. 2.8 B and D). On the other hand, no simple 
relationship seems to exist between the computed conductance and the distance between the 
carboxylate oxygens and the pore’s central axis (Fig. 2.21), a distance that disregards the 
particular position along the z-axis. Thus, it seems as though the terms ‘up’ and ‘down’, which 
we tentatively used in previous work to denote the glutamate conformations that make a large 
(‘up’) and small (‘down’) contribution to the single-channel conductance (Cymes & Grosman, 
2012), are actually quite reasonable and more appropriate than, for example, ‘in’ and ‘out’. 
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Fig. 2.21 Conductance–distance 
relationships: The average distance 
between all eight carboxylate oxygens at 
position –1ʹ and the central axis of the pore 
is plotted in blue for the six rotamers of 
glutamate that, according to our survey of 
the RCSB PDB (Fig. 2.4C and Table 2.1), 
are most common at position N3 of α -
helices. The symbols correspond to the six 
models shown in Figure 2.5. The 
corresponding values of single-channel 
conductance were taken from Figure 2.6A. 
The average distance between all eight 
carboxylate oxygens and the center of 
mass of the 9ʹ-leucine ring is plotted in red 
for the same six models. The relationship 
between the BD-computed single-channel 
conductance and these latter distances is the more straightforward of the two. Error bars are 
standard errors.	  
 
 We are convinced that, as our understanding of ion-channel structure and function 
becomes increasingly more sophisticated, our appreciation of the functional impact of side-chain 
conformational flexibility will also increase, and hence, so will our reliance on atomic-resolution 
theoretical approaches of the sort we used here. Certainly, we speculate that glutamate side chain 
rotamers may also be functionally relevant in other channels such as those in the selectivity filter 
of CaV channels, CNG channels and the Orai Ca2+ release-activated Ca2+ channel. In fact, recent 
MD simulations of the selectivity filter of bacterial voltage-dependent Na+ channels (Chakrabarti 
et al., 2013; Boiteux et al., 2014), which contains four glutamates, have pointed to a role of side-
chain flexibility in ion permeation although, clearly, it would be reassuring to obtain 
experimental support for this notion, much as we did for the muscle AChR (Cymes & Grosman, 
2012). 
 Overall, the present study provides a compelling example of how protein function can be 
shaped profoundly by details that a mere inspection of static structural models may miss. Above 
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everything else, this work highlights the value of single-channel electrophysiology as a powerful 
tool in structural biology, the fundamental importance of using experimental benchmarks when 
performing computer simulations, and the pressing need for increasingly more accurate (yet, 
practical) theoretical treatments of protein electrostatics. 
 
Materials and Methods 
Generation of a muscle-AChR homology model 
We generated a homology model of the transmembrane pore of the adult mouse-muscle AChR 
that includes the M1, M2 and M3 transmembrane α-helices, and the two intervening linkers of 
each subunit (α1-subunit residues: 208–300; β1 subunit: 219–311; δ subunit: 222–314; and ε 
subunit: 217–309, with residue 250 being omitted; see below). To model the α1 subunit, we used 
an NMR-based structural model of the α4 AChR subunit (PDB ID code 2LLY; Bondarenko et 
al., 2012), whereas to model the β1, δ, and ε subunits, we used an NMR-based structural model 
of the β2 AChR subunit (PDB ID code 2LM2;  Bondarenko et al., 2012). Residue substitutions 
were introduced to the models of the α4 and β2 subunits so as to match the primary sequences of 
the mouse α1 (accession number: P04756), β1 (P09690), δ (P02716) and ε (P20782) subunits. 
Subsequently, these models were structurally aligned to the open-channel model of the muscle-
type AChR from Torpedo (PDB ID code 4AQ9; Unwin & Fujiyoshi, 2012) using VMD 
(Humphrey et al., 1996). Because the ε subunit contains an ‘extra’ glycine at position –3ʹ 
(residue 250) of the M1–M2 linker that is only shared by γ subunits (the fetal counterpart of ε), 
and because the structure of the ε subunit was modeled on the basis of the structure of a β 
subunit, we omitted this ε-subunit glycine from our homology model. To assign the 
conformations of the mutated side chains in the initial model, we used SCWRL4 (Krivov et al., 
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2009), a side chain-conformation optimization software. Using the CHARMM36 force field 
(Best et al., 2012) for lipids, proteins and ions, this initial model was then placed in a 105×105 
Å2 membrane of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) using the 
membrane-builder plugin in VMD (Humphrey et al., 1996). The structure was then solvated with 
TIP3P water and 150-mM KCl for a total of 80,226 atoms (also using VMD); the dimensions of 
the simulation box were 105×105×86 Å3. Using NAMD version 2.9 (Phillips et al., 2005) for all 
all-atom MD simulations, this structure was minimized for 30,000 steps during which only the 
acyl chains of the phospholipids were allowed to move. This step was followed by 10,000 steps 
of minimization with no fixed atoms. The structure was then heated to 300 K over 1.5 ns using 
equally spaced 50-K increments; during the first nanosecond of this simulation, harmonic 
constraints of 5 kcal·mol–1·Å–2 were placed on backbone atoms to allow for side-chain 
reorientation. To increase the accuracy of the model, the molecular dynamics flexible-fitting 
algorithm (MDFF; Trabuco et al., 2008) within NAMD (Phillips et al., 2005) was applied using 
the portion of the electron-density map of the open-channel structural model of the muscle-type 
AChR from Torpedo (electron microscopy code EMD-2072; Unwin & Fujiyoshi, 2012) that 
corresponds to the region of the protein being modeled. After 9.5 ns, the structure converged to a 
stable state whose Cα atoms overlap almost exactly with those of the Torpedo’s open-channel 
model (Fig. 2.1C). After MDFF, equilibrium simulations were performed for ~170-ns using a 
constant temperature (300 K) and a constant pressure (1 atm). All simulations used a 1-fs 
timestep with non-bonded interactions calculated every 2 fs and full electrostatics calculated 
every 4 fs. A 10-Å switching distance and a 12-Å cutoff for nonbonded interactions were used. 
Long-range electrostatic interactions were calculated using the particle mesh Ewald method with 
a 1-Å grid spacing and with periodic boundary conditions being applied in all dimensions. A 
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constant temperature was maintained using Langevin dynamics with a damping coefficient of 1 
ps–1. All simulations used harmonic restraints of 0.5 kcal·mol–1·Å–2 on the protein-backbone 
atoms so as to maintain stable pore geometry. The length of the simulation box along the z-axis 
was 86 Å, and hence, an electric field of 1.195×10–3 V·Å–1 along the z-axis was applied to mimic 
a transmembrane potential of 100 mV. Unless otherwise stated, a potential of –100 mV (negative 
on the intracellular side of the channel) was applied during all MD simulations (Roux, 2008). 
 
Umbrella-sampling MD simulations 
To compute the ion-permeation PMF along the central axis of the wild-type pore, we performed 
umbrella-sampling simulations starting with the last time point of the equilibrated MD 
simulation illustrated in Figure 2.2. One-hundred and four ‘umbrella windows’ were used with a 
spacing of 0.5 Å for a total distance of 52 Å. Using the collective-variables module in NAMD, a 
harmonic restraint of 5 kcal·mol–1·Å–2 was placed on an individual ion at every window so as to 
sample the entire transmembrane region. Each window was simulated for 1.5 ns, and the first 
300 ps were removed from the analysis to account for equilibration. The umbrella windows were 
then combined using the Weighted Histogram Analysis Method [WHAM (Kumar et al., 1995), 
as implemented in http://membrane.urmc.rochester.edu/content/wham] to generate the 
corresponding single-ion PMF profile; the transmembrane potential during these simulations was 
zero. We also calculated the ion-permeation PMF for the wild-type model using BD simulations 
(see below) and found that the two profiles are quite similar (Fig. 2.22). Thus, because BD-
generated PMFs can be obtained at a much lower computational cost, we applied BD for all 
other PMF profiles computed in this study. 
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Fig. 2.22 A comparison of BD- and MD-computed 
PMF profiles: Both profiles were computed for the 
homology model of the wild-type muscle AChR at 
zero voltage and with 150 mM KCl at both sides of 
the channel. Error bars shown for the BD-computed 
profile are standard errors of five replicates. For 
clarity of display, the caps on the error bars were 
omitted. Because the two types of PMF profile are so 
similar, and because BD-computed PMFs can be 
obtained at a much lower computational cost, we 
applied BD for all other PMF profiles computed in this study. 
 
 
BD simulations 
The equilibrated protein structure was used as an input for BD simulations using the Grand 
Canonical Monte Carlo/Brownian dynamics (GCMC/BD) simulation software (Im et al., 2000). 
Input files for the GCMC/BD simulations were generated using the CHARMM-Graphical User 
Interface [CHARMM-GUI (Lee et al., 2011a)]. Simulations were carried out with a grid spacing 
of 0.5 Å and a simulation box with dimensions of 85×82×102 Å3 with a 5-Å buffer region. In all 
simulations, a 150-mM KCl solution bathed both sides of the membrane, unless otherwise 
indicated. The diffusion coefficients of K+ and Cl– in bulk solution were taken as 0.196 Å2/ps 
and 0.203 Å2/ps, respectively (Hille, 2001). The diffusion coefficients corresponding to these 
ions inside the channel’s pore were taken as one-half of their values in bulk using a 10-Å 
switching function on both ends of the channel to mimic the effect of confinement (Lee, 2011a). 
The dielectric constants of both the membrane and protein regions were set to 2, and that of all 
aqueous regions was set to 80. Both the pore and the membrane were taken to be 30 Å in length. 
All simulations were run for 1 µs, and each simulation was replicated five times with different 
velocity seeds at all membrane potentials. BD simulations were also used to calculate multi-ion 
PMF profiles using the expression –RTln(Ci/Co) were Co is the charge density of the bulk 
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solution (for 150-mM KCl, Co was taken as 9.03·10–5 e·Å–3) and Ci is the average charge density 
over the entire simulation for each point along the pore’s central axis. 
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Table 2.1 Side-chain conformation of glutamates at position N3 of α-helices (having a serine, 
threonine, asparagine or aspartate at position N-cap) as estimated from X-ray 
crystal structures solved at a resolution of 2 Å or better 
 
PDB 
code 
Resolution 
(Å) 
N-
cap 
N3 χ1 (N3) 
(°) 
χ2 (N3) 
(°) 
Rotamer 
2YFO 1.35 N E337 –66.08 –167.85 mt 
2YFO 1.35 S E606 –73.41 –174.94 mt 
2YFO 1.35 S E396 –74.26 +178.02 mt 
2YFO 1.35 S E396 +171.73 –179.49 tt 
2FNA 2.00 S E212 –69.54 +170.75 mt 
3QAX 2.00 S E149 –71.09 +177.36 mt 
3LVU 1.79 T E545 –174.80 +75.36 tp 
2FCK 1.70 S E50 –107.75 –66.83 eclipsed 
2ACT 1.70 S E52 +174.36 +173.69 tt 
2PBD 1.50 T E205 –70.73 +164.24 mt 
2PBD 1.50 T E361 –75.43 +173.91 mt 
2PBD 1.50 T E46 –68.29 +171.80 mt 
2J5Y 1.40 T E40 –71.47 +177.23 mt 
2J6L 1.30 N E416 +75.92 –173.60 pt 
1ZJC 1.80 N E6 +150.86 +142.26 tt 
1ZJC 1.80 S E166 –74.30 +165.80 mt 
1ZJC 1.80 D E188 +171.00 +61.82 tp 
1ZJC 1.80 T E369 –59.88 +167.65 mt 
2E8E 1.70 N E36 –77.63 –177.12 mt 
3R2K 1.55 T E84 –72.00 +174.94 mt 
3KWO 1.99 T E90 –66.35 +178.51 mt 
1A2P 1.50 T E29 –69.99 –179.45 mt 
1N7Z 2.00 D E152 –159.53 +138.34 tt 
5CPA 1.54 T E17 –56.37 +173.96 mt 
5CPA 1.54 D E218 +173.11 –177.60 tt 
3F75 1.99 S E58 –173.91 –167.91 tt 
3F75 1.99 T E133 –178.45 +66.37 tp 
3F75 1.99 S E172 –66.51 +164.96 mt 
3L1N 1.30 S E74 –67.2 +161.90 mt 
1I88 1.45 S E6 –72.88 +176.07 mt 
1TQG 0.98 S E4 +178.38 –175.63 tt 
2CTS 2.00 S E73 –64.75 +177.69 mt 
2W6K 1.70 S E101 –67.38 –178.03 mt 
3CEX 2.00 T E29 –79.38 +159.56 mt 
3CEX 2.00 T E92 –74.11 +174.39 mt 
2O0A 1.60 S E355 –71.42 –70.69 mm 
1QLM 2.00 S E6 –63.60 –63.46 mm 
1QLM 2.00 D E221 +168.16 +76.06 tp 
1CYO 1.50 T E11 +175.54 +65.74 tp 
1CYO 1.50 D E56 –58.22 +153.98 mt 
2CYP 1.70 N E167 –72.20 +168.27 mt 
351C 1.60 S E70 –72.11 +171.94 mt 
1C75 0.97 S E59 –74.98 –179.78 mt 
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Table 2.1 (continued) 
PDB 
code 
Resolution 
(Å) 
N-
cap 
N3 χ1 (N3) 
(°) 
χ2 (N3) 
(°) 
Rotamer 
2QMA 1.81 D E901 –177.64 –154.76 tt 
3OHS 1.90 S E1060 –74.92 +166.20 mt 
4DFR 1.70 S E80 –120.55 +149.32 eclipsed 
4DFR 1.70 S E80 –87.35 +170.28 mt 
3AGY 1.85 S E145 –76.63 +161.01 mt 
3AGY 1.85 S E264 –77.29 +173.74 mt 
3AGY 1.85 S E174 –69.31 +178.10 mt 
2HK0 2.00 S E47 –64.63 +171.36 mt 
2HK0 2.00 T E165 –68.09 –178.47 mt 
2WLU 1.94 T E7 –74.84 +159.33 mt 
2WLU 1.94 T E96 –75.99 +179.73 mt 
3CQ1 1.90 N E8 –88.98 –70.79 mm 
2G40 1.70 S E43 –69.17 +168.78 mt 
2G40 1.70 S E109 –79.73 +158.82 mt 
2G40 1.70 T E165 –66.23 +165.91 mt 
2P12 1.63 D E122 –53.94 –159.59 mt 
3UPL 1.50 T E385 –70.43 –172.09 mt 
3ABH 2.00 D E281 +173.72 +178.60 tt 
1Y08 1.93 D E139 –65.04 –170.40 mt 
1Y08 1.93 N E234 –67.76 +168.92 mt 
2I9F 2.00 N E62 –69.18 +167.53 mt 
3DJE 1.60 N E66 –66.36 –171.12 mt 
3MVC 1.40 T E246 –67.05 +170.56 mt 
2EPJ 1.70 S E123 –70.71 –161.52 mt 
3GRS 1.54 T E386 –71.03 +164.80 mt 
3GRS 1.54 T E472 +66.73 +165.67 pt 
1JQ5 1.70 S E74 –173.67 +65.99 tp 
1JQ5 1.70 T E276 –80.19 +162.38 mt 
1GPB 1.90 D E121 –50.14 –168.06 mt 
1GPB 1.90 N E730 +169.67 +134.06 eclipsed 
1GPB 1.90 N E796 –62.32 –76.76 mm 
2YVS 2.00 D E20 +61.07 +171.92 pt 
2YVS 2.00 D E20 –168.35 –168.22 tt 
1HUW 2.00 S E74 –80.00 –171.82 mt 
3KU3 1.60 D E190 –175.02 +142.86 tt 
1ZMT 1.70 T E216 –69.64 +172.93 mt 
1KA1 1.30 S E246 –73.13 +175.94 mt 
1X2I 1.45 T E7 –67.62 –178.73 mt 
2LHB 2.00 S E15 –75.42 +168.87 mt 
2E52 2.00 S E6 –76.02 –179.49 mt 
2E52 2.00 N E38 –58.15 +167.74 mt 
2E52 2.00 S E60 +172.95 +171.11 tt 
2E52 2.00 T E266 –68.49 +177.75 mt 
3DS4 1.12 T E213 –72.54 +168.11 mt 
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Table 2.1 (continued) 
PDB 
code 
Resolution 
(Å) 
N-cap N3 χ1 (N3) 
(°) 
χ2 (N3) 
(°) 
Rotamer 
1GD1 1.80 T E254 –42.16 +163.46 mt 
2OGF 1.89 T E20 –72.86 +165.20 mt 
2P26 1.75 S E13 –78.61 –170.47 mt 
2P26 1.75 S E470 –82.45 +179.99 mt 
3HX8 1.45 S E27 –77.71 +167.23 mt 
3FVS 1.50 D E129 174.63 +179.72 tt 
3FVS 1.50 D E166 –169.56 +167.27 tt 
3FVS 1.50 S E195 –68.95 +167.30 mt 
2YLN 1.12 S E43 +179.74 –173.23 tt 
1KAE 1.70 S E72 –66.62 +167.37 mt 
3QVX 1.90 N E66 –71.24 –47.26 mm 
3QVX 1.90 S E125 –69.1 +163.59 mt 
3QVX 1.90 N E379 –57.23 +178.25 mt 
2UYT 1.55 S E366 –75.34 +173.53 mt 
1LC5 1.46 N E14 –177.34 –176.84 tt 
2ZOS 1.70 T E46 –65.09 +178.49 mt 
2ZOS 1.70 T E122 –79.89 +152.63 mt 
1UUQ 1.50 T E227 –72.40 +162.41 mt 
2QPX 1.40 N E184 –82.04 +70.97 mp 
2IWB 1.80 N E382 –78.41 –61.41 mm 
2IWB 1.80 S E488 –72.75 +174.5 mt 
2GGC 1.00 S E40 –167.53 +162.50 tt 
2GGC 1.00 S E40 –167.53 +74.73 tp 
2XIJ 1.95 T E118 –68.80 +169.05 mt 
2XIJ 1.95 T E300 –69.13 +165.08 mt 
2XIJ 1.95 T E564 –68.09 +167.50 mt 
2XIJ 1.95 T E656 –70.67 +167.68 mt 
1Z96 1.80 D E312 +75.03 +179.71 pt 
2GJ4 1.60 D E121 –76.52 –168.83 mt 
2GJ4 1.60 N E730 +166.58 +170.62 tt 
2GJ4 1.60 N E796 –61.09 –54.53 mm 
2IBN 1.50 T E75 –77.84 –179.88 mt 
2EPL 1.40 T E146 –74.27 +175.26 mt 
2Y39 1.41 D E43 –178.38 +174.66 tt 
1WUI 1.04 S E519 –69.65 +171.31 mt 
3P2E 1.68 S E16 –64.80 –175.40 mt 
3MCZ 1.90 T E58 –69.87 +166.69 mt 
3MCZ 1.90 D E262 –72.84 +168.43 mt 
1OPC 1.95 T E165 –68.83 +163.44 mt 
3MWC 1.80 S E90 –76.51 –59.78 mm 
1MBO 1.60 S E6 –71.43 +160.01 mt 
1MBO 1.60 T E54 –74.60 +165.83 mt 
1BP2 1.70 N E92 +71.57 –158.27 pt 
5CPV 1.60 T E81 –78.00 +167.80 mt 
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Table 2.1 (continued) 
PDB 
code 
Resolution 
(Å) 
N-cap N3 χ1 (N3) 
(°) 
χ2 (N3) 
(°) 
Rotamer 
2EAQ 1.46 S E78 +174.98 +70.11 tp 
2EAQ 1.46 D E103 –71.30 +170.86 mt 
2CXI 1.94 S E23 –71.31 +172.47 mt 
2CXI 1.94 T E178 –62.37 +179.08 mt 
2CXI 1.94 N E302 –72.52 +165.88 mt 
2OLR 1.60 T E11 –171.94 +146.89 tt 
2OLR 1.60 S E159 –67.80 +167.96 mt 
1PDO 1.70 S E113 –70.34 –173.44 mt 
2ZKM 1.62 D E521 –66.79 +169.65 mt 
1RZH 1.80 T E229 –63.5 +170.80 mt 
2CS7 1.20 S E44 –72.55 +174.59 mt 
3AEI 1.70 T E61 –72.20 +171.10 mt 
3ITQ 1.40 S E52 –80.00 +162.89 mt 
3KD4 2.00 N E267 +179.11 +179.69 tt 
3KD4 2.00 T E310 –77.82 +171.00 mt 
2GZ4 1.50 T E78 –67.63 +173.89 mt 
2GZ4 1.50 S E158 –74.51 +173.20 mt 
3G36 1.20 N E82 –171.22 +174.31 tt 
3IKB 1.67 S E6 –80.49 +167.31 mt 
2OX6 1.70 N E11 –66.76 +163.57 mt 
2OX6 1.70 S E36 –77.56 +163.47 mt 
2ICU 1.60 S E191 –74.20 +168.10 mt 
3QWB 1.59 N E51 –51.59 –62.76 mm 
3QWB 1.59 S E122 –67.65 +173.85 mt 
3QWB 1.59 D E231 –62.15 –57.58 mm 
3QWB 1.59 D E282 –60.79 +178.16 mt 
1OMV 1.90 T E27 –58.31 +169.74 mt 
1OMV 1.90 T E48 –53.54 +177.83 mt 
1OMV 1.90 S E121 –64.58 –172.59 mt 
1OMV 1.90 T E171 –160.21 –175.48 tt 
2ZFN 1.90 N E217 –66.15 +169.66 mt 
2ODI 1.45 S E8 –76.49 +171.78 mt 
1O8B 1.25 T E5 –63.34 +175.25 mt 
3CU2 1.91 N E82 –176.13 +175.14 tt 
3A1G 1.70 S E716 +66.24 +173.62 pt 
3IWF 1.40 T E19 –73.97 +170.48 mt 
1JL0 1.50 N E132 –174.83 +165.24 tt 
3QWP 1.53 D E173 –174.75 –175.99 tt 
3ZUZ 1.50 N E490 –65.78 –176.68 mt 
2O0M 1.60 S E259 –71.97 +172.4 mt 
2BJQ 1.75 D E88 –69.68 –160.15 mt 
2QGM 1.70 S E214 +65.15 +179.37 pt 
3K6M 1.50 S E345 +179.2 +63.80 tp 
3P6L 1.85 T E28 –74.63 +171.11 mt 
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Table 2.1 (continued) 
PDB 
code 
Resolution 
(Å) 
N-cap N3 χ1 (N3) 
(°) 
χ2 (N3) 
(°) 
Rotamer 
3FFV 2.00 N E172 –171.25 –172.62 tt 
3LZM 1.75 N E5 –70.47 +172.61 mt 
3LZM 1.75 T E62 –76.49 +171.04 mt 
2G7O 1.40 N E65 –70.99 –66.07 mm 
3SBM 1.35 S E89 –62.09 –147.33 mt 
1U9L 1.90 T E383 –66.58 +168.81 mt 
3IU0 1.90 S E14 –75.79 +161.72 mt 
3IU0 1.90 T E153 –172.09 +172.98 tt 
1UQT 2.00 S E422 –167.48 +166.04 tt 
2OZ9 1.65 T E47 –75.02 +158.79 mt 
2OZ9 1.65 S E70 +170.40 +165.77 tt 
1QOP 1.40 T E331 –69.43 +173.09 mt 
1UJP 1.34 T E5 –71.44 +170.80 mt 
4AE4 1.65 S E392 –77.65 +161.19 mt 
1VAJ 1.82 D E160 –67.09 +164.69 mt 
2E5F 1.35 N E163 –165.85 –178.28 tt 
2RG4 1.90 D E30 –158.12 –158.05 tt 
1UWK 1.19 N E246 –60.59 +175.26 mt 
3LFU 1.80 D E191 –166.53 +73.33 tp 
3SHG 1.50 S E6 +178.06 +65.10 tp 
3SHG 1.50 D E120 –157.03 –177.55 tt 
1IJB 1.80 S E596 –68.88 –53.47 mm 
3EVF 1.45 T E10 –66.47 –175.02 mt 
1FKM 1.90 D E597 –54.10 +175.23 mt 
3NJC 1.69 S E6 –72.64 +166.15 mt 
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CHAPTER 3: MOLECULAR MECHANISMS OF CHARGE 
SELECTIVITY IN PENTAMERIC LIGAND-GATED ION 
CHANNELS 
 
Abstract 
The biological function of an ion channel is dependent on its ability to catalyze ion permeation in 
a selective manner. Pentameric ligand-gated ion channels (pLGICs) have a unique topology that 
can be adapted for either cation or anion selectivity. A pLGIC that is natively selective for a 
particular charge can be converted to a channel that selects for an oppositely charged ion with 
only a few mutations. However, the minimal number of mutations needed to alter the charge 
selectivity appears inconsistent among members of the pLGIC superfamily. Because of this, it is 
not possible to unambiguously predict the selectivity of a particular pLGIC from sequence alone. 
A variety of computer simulations on a number of pLGICs have been performed to elucidate a 
more comprehensive understanding of the molecular determinants that underlie charge 
selectivity. Here, we show that the selectivity of anion-selective pLGICs, like cation-selective 
pLGICs, is dictated by electrostatics of the protein, and that the 0ʹ basic residue is an important 
component in generating this selectivity. To understand the molecular basis of anion selectivity, 
one need not invoke reorientations of the backbone or changes in pore size relative to cation-
selective counterparts. Rather, changes in selectivity due to mutations of non-charged residues in 
the selectivity filter region can be rationalized as modulating the electrostatics of the protein by 
altering the conformation of the 0ʹ basic residue. The importance of electrostatics on charge 
selectivity can also explain the incongruence of mutational effects on different receptors within 
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the superfamily because the electrostatic profile is a unique property of each particular receptor 
and therefore the robustness of charge selectivity to a particular point mutation is also unique.   
 
Introduction 
Organismal evolution is highly versatile. Proteins, or parts of proteins, that serve one function 
can be repurposed by an organism to perform a related but distinct role. Ion channels show many 
examples of this evolutionary versatility. For a neuron to undergo an action potential, both 
voltage-sensitive potassium- and sodium-selective ion channels are needed. Sodium currents 
depolarize the membrane which is then repolarized by potassium currents. These proteins 
contain a domain that changes conformation upon a change in the membrane potential which 
allows these proteins to open in response to changes in voltage. While the sodium- and 
potassium-selective ion channels are distinct in their mechanisms of ion discrimination, the 
voltage sensor is generally conserved between both families (Vargas et al., 2012; Ahern el al., 
2016). The cell has evolved to have proteins with distinct functions (cell depolarization versus 
cell repolarization) without having to create multiple different mechanisms for sensing voltage. 
 Pentameric ligand-gated ion channels (pLGICs) also show distinct physiological 
versatility. Using the same overall topology, subtle changes in the amino acid sequence at the 
intracellular mouth of the pore-lining M2 α-helix can render a particular channel highly anion- or 
cation-selective (Fig 3.1B). This versatility is essential for neurobiology because anion-selective 
pLGICs are the sole source of neurotransmitter-mediated synaptic inhibition in the nervous 
system. Although the charge selectivity of pLGICs has been studied for many years, the data that 
have been gathered to understand this phenomenon appear to be inconsistent because mutations 
that change the charge selectivity in a particular channel do not necessarily have the same effect 
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in other pLGICs. In the α7 Acetylcholine Receptor (AChR), both an insertion of a residue into 
the M1–M2 linker and the removal of the –1ʹ glutamates is needed to affect the charge 
selectivity, but in the Serotonin Receptor type 3 (5-HT3R), removing just the –1ʹ glutamates was 
sufficient to have a major impact on charge selectivity (Galzi et al., 1992; Corringer P-J, 1999; 
Thompson & Lummis 2003).  
 
 
Fig. 3.1 pLGIC topology and sequence: (A) Topology of a pLGIC subunit showing the 
extracellular domain, the four transmembrane α-helices, and all linker regions (B) Sequence 
alignment of pLGICs showing the M1 transmembrane α-helix c-terminus, the M1–M2 linker, 
and the M2 transmembrane α-helix n-terminus. The prime notion used to denote sequence 
positions throughout the document is shown above the sequences. Color-coding is consistent 
with that of panel A. 
 
 By looking at sequences of anion- and cation-selective receptors, it is clear that anion-
selective receptors tend to have an extra residue in the M1–M2 linker (Fig. 3.1B). However, the 
additional residue in the linker is generally not a charged residue, which makes it difficult to 
understand how the presence or absence of a non-charged residue in this region can have such a 
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profound effect on charge selectivity. This apparent need for an insertion to alter selectivity in 
the α7 AChR can be rationalized by invoking the notion that pore diameter is an important 
variable in charge selectivity when making a channel anion-selective. In anion-selective pLGICs, 
the removal of the extra residue increases the minimum pore diameter of the channel such that 
the diameter becomes closer to the size of a naturally cation-selective receptor, and this change 
would also alter the charge selectivity of these channels such that the channel becomes less anion 
selective (Keramidas et al., 2002; Keramidas et al., 2004; Lee 2003). By analogy, the addition of 
an extra residue in a natively cation-selective receptor may serve to contract the pore to a 
diameter that is closer to that of a native anion-selective channel. Therefore, according to this 
particular hypothesis, the additional residue in the α7 AChR linker would make the channel more 
structurally similar to a native anion-selective receptor, and in doing so, would make the channel 
more anion selective. 
The importance of pore size can also be invoked to understand how the removal of the 
highly conserved 0ʹ basic residue seems to produce channels that remain anion-selective because 
pore dimensions, as opposed to electrostatics, is the important variable in modulating anion 
selectivity according to this view (Wotring et al., 2003; Sunesen et al., 2006). If side chain 
electrostatics were the major determinant of anion selectivity, then these mutations should have a 
noticeable effect on charge-selectivity. However, this model cannot fully explain why the 5-
HT3R does not require an insertion to have a dramatically altered charge selectivity and how 
naturally occurring pLGICs that do not have this insertion have been shown to be anion-selective 
(Fig. 3.1B; van Nierop et al., 2005; MacDonald et al., 2014). Furthermore, when correlating pore 
size and selectivity in Glycine Receptor (GlyR) mutants, the fit is not a linear function and 
instead shows discontinuity where a large change in selectivity can occur without a change in 
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pore diameter. This observation was rationalized by proposing that there is a structural change in 
these mutants that changes the 0ʹ residue’s exposure to the lumen (Keramidas et al., 2004). This 
proposal was appealing when only structures of cation-selective pLGICs were available because 
the 0ʹ residue was positioned in the back of the α-helix and therefore a structural rearrangement 
is needed to reposition the amino acid closer to the lumen of the pore. A residue that is closer to 
the pore will have a stronger electrostatic effect than a residue that is further away. 
In recent years, a number of anion-selective pLGICs have been solved using x-ray 
crystallography and cryo-electron microscopy. These structures did not show any rotation of the 
α-helix, even though the channels have been solved in multiple conformational states (Hibbs & 
Gouaux, 2011; Miller & Aricescu, 2014; Du et al. 2015; Huang, 2015). The 0ʹ basic residue 
appears to be in approximately the same location as in the cation-selective channels and the side 
chain protrudes from the α-helix away from the pore (Fig. 3.2).  
 
 
Fig. 3.2 Structural models of anion selective pLGICs: (A) Structural model of GluCl (PDB ID 
code 3RHW; Hibbs & Gouaux, 2011) from residue number 242 to 265 (–3ʹ to 21ʹ) is shown in 
the ribbon representation with the 0ʹ arginine shown in stick representation (residue number 
245). (B) Structural model of GlyR (PDB ID code 3JAF; Du et al., 2011) from residue number 
265 to 288 (–3ʹ to 21ʹ) is shown in the ribbon representation with the 0ʹ arginine shown in stick 
representation (residue number 268). (C) Structural model of GABAR (PDB ID code 3COF; 
Miller & Aricescu, 2014) from residue number 247 to 270 (–3ʹ to 21ʹ) is shown in the ribbon 
representation with the 0ʹ arginine shown in stick representation (residue number 250). 
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In light of this, it is pertinent to further study the origin of charge selectivity in these 
channels, and the availability of structures makes the use of computer simulations possible. 
Simulations are well-suited to elucidate the mechanisms of selectivity because mutations can be 
performed without altering the structure in an unanticipated way and pore size can be modified 
without the need of mutations. Whereas, in experiments, pore diameter can only be changed by 
the use of mutagenesis and this approach suffers from two problems. First, the mutations could 
have an unanticipated effect on the protein secondary structure that is responsible for the change 
in charge selectivity but this structural change cannot be easily observed in experiments. The 
change in selectivity may be incorrectly linked to the change in pore diameter when it was really 
caused by a change in secondary structure. Second, mutations inherently change the chemical 
composition of the particular region of the protein and this change may be the cause of both the 
change in pore diameter and the change in charge selectivity.  
Furthermore, it is difficult to study charge selectivity in pLGICs experimentally because 
mutations in and around the first turn of the α-helix are often poorly tolerated in heterologous 
systems, whereas of course, these mutations do not suffer the same problems in silico (Cymes & 
Grosman, 2011; Keramidas et al., 2002; Corringer et al., 1999). Therefore, using a combination 
of molecular dynamics (MD), Brownian dynamics (BD) and rigorous electrostatic calculations of 
protein–ion interactions, we set out to better understand determinants of anion selectivity in the 
pLGIC superfamily.  
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Results 
Charge selectivity of a GluCl crystal structure 
The first structure of an anion-selective pLGIC was the α1 glutamate-gated chloride channel 
(GluCl) from C. elegans (Hibbs & Gouaux, 2011). GluCl is a prototypical eukaryotic anion-
selective channel that has an extra residue in the M1–M2 linker and a common motif among 
anion-selective channels within the first turn of the α-helix: Pro–Ala–Arg (Fig. 3.1B; Cully et al., 
1994). These features make GluCl a suitable model to study anion selectivity in the pLGIC 
superfamily. To study charge selectivity, it is pertinent to compute the potential of mean force 
(PMF) along the axis of permeation for both an anion and a cation to compare the energetic 
landscapes of each ion using umbrella sampling (US) MD simulations (Allen et al., 2006). In 
order to extend sampling time in each umbrella window, the simulations use a reduced model 
that contains only the first three transmembrane segments and their intervening linker regions 
(PDB 3RHW residues 213–300). Reduced models that contain only the transmembrane portion 
of the protein have been shown to be highly efficient in calculating the energetics of ion 
permeation in pLGICs (Fritsch et al., 2011; Zhu & Hummer, 2011; Harpole & Grosman, 2014). 
Details about the model and simulation are found in the materials and methods. 
 Whereas the MD-generated PMF provides information about the energetics of ion 
permeation, calculating a conductance on the basis of this energetic landscape is not trivial and 
requires a number of assumptions (Zhu & Hummer, 2011). However, the qualitative features of a 
channel that is charge-selective are much easier to discern. For a channel to be charge-selective, 
the PMF for the cation and the anion must be distinguishable. An anion-selective channel should 
pose a large barrier to cations, whereas a cation-selective channel should pose a large barrier to 
anions. Surprisingly, MD simulations show that the barrier for chloride is much larger than the 
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barrier for potassium and this barrier is consistently higher until the ion reaches the intracellular 
mouth, where the energetics of the two ions converge (Fig. 3.3A). This suggests that this channel 
does not properly recapitulate the experimentally determined anion-selectivity when subjected to 
simulations. 
 
Fig. 3.3 Energetics of ion permeation through GluCl: (A)	  Potential of Mean Force (PMF) of 
potassium and chloride permeation through GluCl (PDB 3RHW) M1–M3 transmembrane 
segment using US MD simulations. The transmembrane segments are centered about 0 and 
positive distances are toward the extracellular end of the protein and negative numbers are 
toward the intracellular portion. (B) Electrostatic ion-protein solvation energies for potassium 
and chloride, calculated using APBSmem. The distance axis corresponds to the same axis as in 
(A). 
 
In agreement with the MD simulations, electrostatic calculations of ion-protein solvation 
energies using APBSmem show that the extracellular half of the GluCl transmembrane segment 
displays an electrostatic barrier for the passing anion but not for the passing cation (Fig. 3.3B; 
Marcoline et al., 2015). This shows the importance of electrostatics in the permeation of an ion 
through GluCl because the major barrier of the MD-generated PMF coincides with the major 
electrostatic barrier calculated using APBSmem (Fig. 3.3). Within the M2 transmembrane 
segment of GluCl, only the 0ʹ has a formal charge, but the side chain is positioned away from the 
pore. Upon decomposing the electrostatic energies by individual residues, it is clear that the 
arginine stabilizes the passing anion and destabilizes the passing cation (Fig. 3.4). However, the 
	   64	  
arginine in both the MD and electrostatic calculations does not have a sufficiently strong 
electrostatic contribution to the permeation free energy to overcome the cation-selective 
landscape that is created by the rest of the protein. 
 
 
 
 
Fig. 3.4 Contribution of the 0ʹ 
arginine to the electrostatic 
energy: Electrostatic ion-0ʹ arginine 
solvation energies for potassium and 
chloride calculated using 
APBSmem. 
  
 
  
 
To verify the robustness of this finding, Brownian dynamics (BD) simulations are run on 
the same model that is used for both MD and electrostatic calculations. BD simulations can 
produce a PMF, as is the case with MD, and can also produce a symmetric current–voltage (i–V) 
curve that can be decomposed to the current carried by the cation and the anion. This technique 
is useful because one can determine the charge selectivity by comparing the i–V curves for the 
each ionic species. BD simulations using symmetric 150 mM KCl show a lack on anion-
selectivity in GluCl (Fig. 3.5A–B). In fact, the majority of the current through the channel is 
carried by cations as opposed to anions (Fig. 3.5B). 
 
 
 
 
	   65	  
 
Fig. 3.5 BD simulations of ion permeation through GluCl: (A) PMF for GluCl (PDB 3RHW) 
transmembrane M1–M3 segment generated using Brownian dynamics (BD). Error bars represent 
the SE across 6 replicates. (B) Symmetric-KCl i–V curve for the GluCl model. Both extra- and 
intracellular solutions consisted of 150-mM KCl. Error bars represent the SE across 6 replicates. 
(C) BD-generated PMF for the GluCl reduced model where the 0ʹ arginine has been mutated to 
alanine. The Error bars represent the SE of 6 replicates. (D) Symmetric i–V curve for the GluCl 
0ʹ alanine mutant using BD simulations with 150-mM KCl. Error bars represent the SE across 6 
replicates. 
 
In agreement with electrostatic calculations, BD simulations do show that the 0ʹ arginine 
has a functional effect on ion permeation (Fig. 3.5C–D). When the arginine is mutated to an 
alanine, the major barrier for potassium decreases and the total current through the channel 
becomes even more dominated by the cationic component of the i–V curve. Together, this 
suggests that the 0ʹ arginine is important in anion permeation, but in the GluCl model, the 
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arginine does not exert an electrostatic effect large enough to overcome the potential energy 
landscape created by the other residues in the protein. 
 
Glycine receptor displays proper selectivity 
GluCl cannot be used to test whether or not pore dimensions are crucial for understanding anion-
selectivity because the structure is not anion-selective in simulations. More recently, the structure 
of the α1 GlyR in a putative conductive conformation has been solved using cryo-electron 
microscopy (Du et al., 2015). The GlyR contains an extra residue in the M1–M2 linker and has a 
canonical first turn of the M2 α-helix (Pro–Ala–Arg; Fig. 3.1B). In fact, the GlyR was used to 
assay the relationship between charge selectivity and pore diameter and therefore serves as an 
excellent model to test this relationship using simulations (Lee et al., 2003).  
 Using the M1–M3 transmembrane domain of GlyR (PDB 3JAF, residues 234–324), US 
MD simulations were performed in the same manner as with GluCl. Unlike GluCl, the PMFs for 
ions through the GlyR show clear anion selectivity (Fig. 3.6A). The landscape has a higher 
energetic barrier for potassium throughout the entire transmembrane region and the major barrier 
is also much larger for potassium. This is in agreement with electrostatic calculations that show a 
transmembrane region that is attractive for anions and repulsive for cations (Fig. 3.6B). 
Furthermore, in both the GlyR and GluCl, the major barrier along the PMF for cations appears at 
the intracellular mouth of the pore, and this finding is in agreement with electrostatic calculations 
that consistently show the major barrier for the cation in the same region. Therefore, it appears 
consistent that cation discrimination in anion selective channels occurs at the intracellular mouth 
of the pore. 
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Fig. 3.6 Energetics of ion permeation through GlyR: (A)	   PMF of potassium and chloride 
permeation through GlyR (PDB 3JAF) M1–M3 transmembrane segment using US MD 
simulations. The transmembrane segments are centered about 0 and positive numbers are toward 
the extracellular end of the protein and negative numbers are toward the intracellular portion. (B) 
Electrostatic ion-protein solvation energies for potassium and chloride, calculated using 
APBSmem. The distance axis corresponds to the same axis as in (A). 
 
To verify that this channel does show anion selectivity, BD simulations with symmetric 
150 mM KCl concentrations were also run to compute both the i–V curve and the PMF. In 
agreement with both the electrostatic calculations and MD generated PMFs, the GlyR model 
shows a pronounced anion selectivity such that the current through the channel carried by 
potassium is negligible, unlike the large anion current (Fig. 3.7A–B). Although the MD and BD 
simulations agree on the charge selectivity of the GlyR, the structure was solved with a 
resolution that makes the side-chain placement difficult. To test the robustness of the BD GlyR 
results, the same simulations were run on a model where the side-chains had undergone rotamer 
optimization using SCWRL (Krivov et al., 2009). In the rotamer-optimized structure, the charge 
selectivity persisted, suggesting that the structure is robustly anion-selective (Fig. 3.8A–B).  
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Fig. 3.7 BD simulations of ion permeation through GlyR: (A) PMFs for GlyR (PDB 3JAF) 
transmembrane M1–M3 segment generated using Brownian dynamics (BD). Error bars represent 
the SE across 6 replicates. (B) Symmetric-KCl i–V curve for the GluCl model. Both extra- and 
intracellular solutions consisted of 150-mM KCl. Error bars represent the SE across 6 replicates. 
 
 
 
 
Fig. 3.8 Charge selectivity of rotamer-optimized GlyR: (A) PMF for GlyR model using BD 
simulation where the PDB rotamers were optimized using SCWRL. Error bars represent the SE 
across 6 replicates.  (B) Symmetric i–V for SCWRL-optimized GlyR model where both sides of 
the membrane contain 150-mM KCl. Error bars represent the SE across 6 replicates. 
 
Effects of pore size on charge-selectivity 
Because the GlyR shows a high degree of anion selectivity, it is a suitable model to test whether 
changing the pore radius has an effect on the charge selectivity. To do this, I expanded each 
subunit radially as a rigid body away from the center of the pore. Experimentally, the pore of the 
GlyR was suggested to expand by approximately 0.75 Å when the proline is deleted (Lee et al., 
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2003). To guarantee that the protein has been sufficiently expanded in order to see a possible 
effect on charge selectivity, the pore of the GlyR was enlarged by 1–2 Å in radius. A HOLE 
profiles shows that the expansion of each subunit creates a larger pore with the same structural 
geometry as the non-expanded receptor (Fig. 3.9; Smart et al., 1996). In this way, the pore radius 
can unambiguously be disentangled from other structural changes that could occur during 
experimental mutagenesis when removing residues from the native channel. 
 
 
 
 
 
 
 
Fig 3.9 HOLE profile of the wild-type and expanded 
GlyR: HOLE profiles of the wild-type (teal) GlyR are 
calculated. In blue, a HOLE profile for the GlyR with a 
one Å radial expansion is shown. In red, a HOLE 
profile for the GlyR with a two Å radial expansion is 
shown. 
 
  
 
 
 
In the expanded receptors, the current through the channels becomes larger and the PMF 
barriers become smaller, but both channels maintain robust anion selectivity (Fig. 3.10). Even 
when the pore is expanded by 2 Å in radius, a difference much greater than that hinted on the 
basis of electrophysiological experiments, the channel remains highly anion-selective. This 
suggests that although pore size may experimentally correlate with changes in selectivity, it is 
not the change in pore size that is causing the change in charge selectivity. Therefore, other 
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variables important in charge selectivity need to be considered in order to understand the anion 
selectivity of pLGICs. 
 
 
Fig. 3.10 BD simulations of ion permeation through expanded GlyRs: (A) PMF for GlyR 
model using BD simulation where the pore of the protein was radially expanded by 1 Å as an 
average of six replicates.  (B) Symmetric i–V for 1 Å pore-expanded glycine receptor model 
where both sides of the membrane contain 150-mM KCl. Points designated the average of 6 
independent replicates. (C) PMF for GlyR model using BD simulation where the pore of the 
protein was radially expanded by 2 Å as an average of six replicates. (D) Symmetric i–V for 1 Å  
pore-expanded glycine receptor model where both sides of the membrane contain 150-mM KCl. 
Points designated the average of 6 independent replicates. 
 
Electrostatics dictate charge-selectivity 
Although GluCl did not show the expected selectivity, it was clear that the 0ʹ arginine exerted an 
electrostatic effect, even when positioned in the back of the pore-lining M2 α-helix. To see the 
effects of 0ʹ on charge selectivity in GlyR, the residue was mutated and the PMF and symmetric 
i–V were computed using BD. In the GlyR, it is clear that 0ʹ has a significant effect on the charge 
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selectivity because upon mutation, there is an increase in the cation current relative to the anion 
current and the major barrier for cations at the intracellular mouth of the pore has diminished 
(Fig. 3.11A–B). However, even without the 0ʹ basic residue, the channel maintains its anion-
selectivity. 
 
 
Fig. 3.11 Charge selectivity of mutant GlyR: (A) BD generated PMF for the GlyR model with 
the 0ʹ arginine mutated to alanine. Error bars represent the SE across 6 replicates.  (B) BD 
generated symmetric 150-mM KCl i–V curve for the 0ʹ alanine mutant. Error bars represent the 
SE across 6 replicates.  (C) Glycine receptor PMF from BD simulation where the 19ʹ arginines 
are mutated to alanines. Error bars represent the SE across 6 replicates.  (D) i–V curves for the 
19ʹ arginine to alanine mutant channel with symmetric 150-mM KCl. Error bars represent the SE 
across 6 replicates. 
 
 Unlike GluCl, the GlyR contains two rings of basic residues in M2 α-helix, one at 0ʹ and 
another at 19ʹ. When the 19ʹ residue is mutated to alanine, the PMF and i–V curve look much 
like those when the 0ʹ arginine is mutated where the majority of the current is carried by 
chloride, but the fraction of the current carried by potassium is higher than in the wild-type 
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receptor (Fig. 3.11C–D). When both mutations are combined together to create a pore that 
contains no formally charged residues, the selectivity of the channel is reverted (Fig. 3.12A–B). 
In this double mutant channel, the majority of the current is carried by potassium. Electrostatic 
calculations of the double mutant channel show a pore that poses a barrier for both cations and 
anions, but the barrier is higher for chloride (Fig. 3.13). Compared to the wild-type channel, the 
barrier for cations has decreased with the removal of the two arginine rings, whereas the 
electrostatic well for chloride that appeared in the wild-type channel becomes a barrier that is 
larger in magnitude than the barrier for potassium. This highlights the importance of 
electrostatics in determining the charge-selectivity of pLGICs. Therefore, the anion-selectivity of 
the GlyR is not related to the pore dimensions but rather to the electrostatic profile of the 
channel. The electrostatic profile of the channel, in turn, is dominated by charged residues that 
are in the pore-lining M2 α-helix, even when these charged residues are positioned in the back of 
the helix and away from the pore. 
 
 
Fig. 3.12 Charge selectivity of double mutant GlyR: (A) Glycine receptor PMF from BD 
simulation where the 0ʹ and 19’ arganines are mutated to alanines. Error bars represent the SE 
across 6 replicates. (B) i–V curves for the 0ʹ and 19ʹ alanine mutant channel with symmetric 150-
mM KCl. Error bars represent the SE across 6 replicates.   
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Fig. 3.13 Electrostatic 
profile for ion protein 
interactions through double 
mutant GlyR: Electrostatic 
ion-protein solvation energies 
for potassium and chloride, 
calculated using APBSmem 
for the 0ʹ and 19ʹ arginine to 
alanine mutant channel. 
 
 
0ʹ Arganine rotamer matters in GluCl 
In the GlyR, only one of the arginine rings is needed for the channel to be anion-selective (Fig. 
3.11). This result appears in contrast to the results obtained in GluCl because this channel has a 
ring of arginines at 0ʹ but does not display anion selectivity (Fig. 3.5A–B). However, the GluCl 
and GlyR structure do not place the side-chains of the arginines in the same rotamer. Previously, 
I have shown that the side-chain position of charged residues in the muscle-type AChR can have 
a profound influence on the conductance and free-energy landscape of an ion channel (Harpole 
& Grosman, 2014). Therefore, it stands to reason that this difference in side-chain rotamer may 
underlie the differential effects of the 0ʹ arginine in the GlyR and GluCl as well. 
 Upon changing the rotamer in the GluCl structure to the rotamer of the arginine in the 
GlyR structure (from mtm105 to mmm180, using the penultimate rotamer library nomenclature; 
Lovell et al., 2000) the channel has a dramatically altered selectivity profile (Fig. 3.14A–B). 
Using the crystal-structure rotamer, the current through the channel is carried in mainly by 
potassium, but in the GluCl channel with the GlyR arginine rotamer, most of the current is 
carried by chloride. This finding is not limited to the rotamer from the GlyR crystal structure. 
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Other rotamers from the penultimate rotamer library database show the same charge-selectivity 
reversal when the 0ʹ arginine rotamer is changed (Fig. 3.14 C–D). These results show that the 
mere presence of a basic side-chain is not sufficient to make a channel anion selective. The local 
environment in and around the 0ʹ arginine needs to bias the rotamer such that it adopts a 
conformation that allows the side chain to effectively stabilizes the passing anion to a large 
degree.  
 
Fig. 3.14 Charge-selectivity of GluCl with different 0’ arginine rotamers: (A) BD PMF for 
GluCl model where the 0ʹ arginine is placed in the mmm180 rotamer. This is the rotamer from 
the GlyR model (PDB 3JAF). Error bars represent the SE across 6 replicates. (B) Corresponding 
symmetric 150-mM KCl I–V with the mmm180 arginine rotamer. Error bars represent the SE 
across 6 replicates. (C) BD PMF for GluCl transmembrane segment where the 0ʹ arginine is 
placed in the tpt85 rotamer. Error bars represent the SE across 6 replicates. (D) Corresponding 
symmetric 150-mM KCl I–V with the tpt85 arginine rotamer. Error bars represent the SE across 
6 replicates. 
 
This can be shown using electrostatic profiles of ion solvation energies with in the GluCl 
structure with a tpt85 0ʹ arginine rotamer (Fig. 3.15). When the arginine is in this rotamer, the 
barrier for potassium goes up and becomes larger than the barrier for chloride, unlike the wild-
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type profile, which shows a larger barrier for chloride. When the electrostatic contribution of the 
0ʹ arginine is decomposed from the entire profile, it is clear that in the tpt85 rotamer, the 
arginine exerts a stronger effect on the passing ions than it did in the crystal-structure rotamer. 
 
 
 
Fig. 3.15 Electrostatic profile through GluCl with altered 0ʹ arginine rotamer: (A) 
Electrostatic ion-protein solvation energies for potassium and chloride, calculated using 
APBSmem for GluCl with the 0ʹ arginine in the tpt85 rotamer. (B) Electrostatic ion-0ʹ arginine 
solvation energies for potassium and chloride calculated using APBSmem where the 0ʹ arginine 
is in the tpt85 rotamer. 
 
This result highlights two important concepts in discerning charge-selectivity in pLGICs. 
First, it shows that understanding the role of a particular residue in charge-selectivity may not be 
entirely generalizable across the entire family because of differences in sequence. In the GlyR, 
there are two rings of ionizable residues that can contribute to stabilizing the passing anion 
whereas in α GluCl, there is only one ring of ionizable residues to stabilize anions. Although the 
0ʹ ring is important for anion-selectivity in both receptors, it may appear more important in 
GluCl because this channel does not have a compensatory ring of ionizable residues to reshape 
the energetic landscape upon mutations of 0ʹ. Charge residues in other domains of the protein, 
such as the M3–M4 linker and the extracellular domain, which may not appear to have drastic 
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effects on charge-selectivity in the wild-type channel, may also display significance in altering 
charge-selectivity when other ionizable residues, such as 0ʹ, are mutated to non-charged residues. 
Second, these results highlight that the presence of a charge alone is not always sufficient to alter 
selectivity. The positioning of the side-chain is also an important feature. This concept can be 
used to understand how the effects of insertions, mutations, and deletions of non-charged 
residues near the selectivity filter can alter charge-selectivity without invoking a conformational 
change of the α-helix backbone. Mutations of non-charged residues in this region may by 
exerting their effects on charge-selectivity by altering the torsional free energy landscape of the 
0ʹ arginine. Some particular configures of the M1–M2 linker and first turn of the M2 α-helix 
favor an arginine rotamer that can effectively stabilize the passing anion, whereas other 
configurations bias the arginine to a rotamer such that it has a dramatically smaller electrostatic 
effect on an ion within the pore and therefore has a diminished ability to effect the charge 
selectivity of the channel.  
 
Glutamates are not sufficient for cation selectivity 
The importance of electrostatics and side-chain conformation on charge-selectivity is most 
evident in the GlyR, where the –1ʹ alanine is mutated to a glutamate. In experiments, glutamates 
at this position can convert the selectivity of the GlyR, but in mutant constructs that have non-
native 2ʹ residues, the glutamates do not always impart cation-selectivity (Cymes & Grosman, in 
preparation). Using previous data in the muscle-type AChR, it is clear which rotamers of 
glutamate have the strongest effect on cation conductance and which rotamers have the weakest 
effect (Harpole & Grosman, 2014). When the –1ʹ alanines are mutated to glutamates in the GlyR 
and they are placed in a rotamer that has little effect on cation conductance (the pt rotamer), the 
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channel maintains anion-selectivity in BD simulations, but when the glutamates are placed in a 
rotamer that dramatically increases cation conductance (the tp rotamer), the channel becomes 
cation-selective (Fig. 3.16). These results with glutamates in –1ʹ of the GlyR highlight the notion 
that selectivity, like the rate of conductance, is regulated by the electrostatics of the protein, 
which in turn is dictated by the position and location of charged residues within the protein. 
 
Fig. 3.16 Charge selectivity of –1ʹE GlyR mutants: (A) Glycine receptor PMF from BD 
simulation where the –1ʹ alanines are mutated to glutamates and placed in the pt rotamer. Error 
bars represent the SE across 6 replicates. (B) i–V curves for the –1ʹ alanine to glutamate mutant 
in the pt rotamer with symmetric 150-mM KCl. Error bars represent the SE across 6 replicates. 
(C) Glycine receptor PMF from BD simulation where the –1ʹ alanines are mutated to glutamates 
and placed in the tp rotamer. Error bars represent the SE across 6 replicates. (D) i–V curves for 
the –1ʹ alanine to glutamate mutant in the tp rotamer with symmetric 150-mM KCl. Error bars 
represent the SE across 6 replicates.    
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 By understanding that the positioning, not just the presence, of electrostatic residues is 
important for both conductance and selectivity, it is possible to understand how mutations of 
non-ionizable residues near these electrostatic residues can alter both the conductance and 
selectivity of these channels. These residues exert their effects by changing the conformational 
free energy landscape of nearby ionizable residues. This is why the mere presence of glutamates 
in the –1ʹ position is not always sufficient to render the channel highly cation-selective and why 
the lack of an acidic residues at –1ʹ and the presence of a basic residue at 0ʹ are not always 
sufficient to render the channel highly anion-selective. In order for the glutamates to have a 
dramatic effect on conductance, the local environment around these residues needs to bias the 
conformation of these glutamates to a rotamer that has a dramatic effect on cation conductance 
and therefore make the channel largely cation selective. However, if the local environment biases 
the glutamates rotamers to a conformation that does not have a big increase on cation 
conductance, then the glutamates may not be able to create a cation-selective channel. The 
importance of non-charged residues and their effect on nearby charged residues in determining 
conductance and selectivity may be why there is a high degree of conservation in these residues 
among eukaryotes (Fig 3.1B) 
 
Discussion 
Among ion-channel superfamilies, one of the most unique properties of pLGICs is that the 
superfamily contains cation and anion selective members. The charge-selectivity of a particular 
pLGIC is fundamentally important in contextualizing the channels biological role. In order to be 
able to predict charge-selectivity from sequence, it is essential to understand the molecular basis 
for this phenomenon. Although work on this topic has spanned decades, it has been difficult to 
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aggregate all of the data gathered into a comprehensive understanding of charge selectivity. With 
the large increase in pLGIC structures in recent years, computational techniques are now well 
suited to expand the understanding of this long-standing question about the mechanism of charge 
selectivity. 
 In agreement with experiments in my lab, simulations show that the 0ʹ basic residue is an 
important component of anion-selectivity in pLGICs. Although this result is not entirely in 
agreement with previously published results, it is worth noting that experimental conditions 
under which selectivity is assayed has the potential to produce results that are difficult to 
interpret owing to time-dependent changes in ion concentrations (Wotring et al., 2003; Sunesen 
et al., 2006; Li et al., 2016). Furthermore, experiments and simulations agree in that the presence 
of the 0ʹ basic residue is not sufficient for strong anion-selectivity, and that this observation lends 
support to the notion that the conformation of this residue is also a key element. With this 
understanding, it is possible now to rationalize how insertion, mutations, and deletions of non-
charged residues can have a profound effect on charge-selectivity.  
These results also show why predicting the effects of mutations on charge selectivity are 
quite difficult and highly dependent on the channel that is being studied. Some channels in the 
pLGIC superfamily contain electrostatic residues that are not present in related channels, and 
these channels may be able to maintain their native selectivity when some important changed 
residues are removed while the channels that lack these extra charged residues may not be able to 
maintain their native selectivity because there are no other electrostatic residues that can serve a 
compensatory role upon mutation. Beyond the specific number of electrostatic residues, pLGICs 
show some diversity in the native residues in the M1–M2 linker, and because these residues can 
affect the conformation of important electrostatic residues, it is certainly possible that the 
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addition of electrostatic residues to these diverse environments will have different functional 
impacts. Some local environments will facilitate the positioning of these residues to have a large 
effect on charge-selectivity while other environments will facilitate the positioning of these 
residues to have a negligible effect. Therefore, the aforementioned discrepancy in experimental 
data among different receptors within the superfamily may also be due to subtle changes in the 
environment surrounding the selectivity filter that impacts the role of mutations in this region, 
and because these receptors have primary sequence diversity that may render the channel more 
or less robust to the effect of mutations. 
 Finally, the discussion about the molecular basis of both conductance and selectivity in 
ion channels is analogous to the role of an enzyme in catalysis. Enzymes speed up chemical 
reactions by lowering the energetic barrier for a given reaction. Ion channels speed up the rate of 
ion crossing into and out of a cell by lowering the energetic barrier for ions to cross the cell 
membrane. Enzymes also catalyze only specific chemical reactions in that each enzyme is 
specific for one or a small number of substrates, and this is comparable to ion channels which 
catalyze the permeation of specific ions. One of the leading theories to understand enzyme 
catalysis is that the active site of the enzyme creates a preorganized electrostatic environment 
that decreases the energetics of the high-energy transition state intermediate (Warshel et al., 
2006). This preorganized electrostatic environment determines both the enzyme specificity and 
kinetics. The rate at which an enzyme catalyzes a reaction is dependent on how much the 
enzyme can decrease the energetic barrier posed by this transition state intermediate. Ion 
channels also work by decreasing the high-energy transition that an ion must take in moving 
from one side of the membrane to the other and the conductance of the particular channel is 
dependent on the extent to which the high energy barrier is decreased. 
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 Therefore, by analogy, just like an electrostatic environment dictates the catalysis of a 
chemical reaction, a preorganized electrostatic environment dictates the conductance and 
selectivity of an ion channel. While this analogy between enzymes and ion channels is often not 
discussed in detail, it is illustrative because it highlights that there is a general trend in biology 
for proteins to optimize electrostatic environments to facilitate biologically important processes. 
In enzymes, the structure of the protein has been optimized to best position important 
electrostatic residues within the active site in specific configurations in order to speed up the 
chemical reaction and to provide a high degree of specificity. The fact that important 
electrostatic residues in enzymes must position themselves in such a way in order to effectively 
speed up catalysis is often taken for granted. If an important residue in an enzyme active site was 
positioned in a rotamer that placed the residue away from the active site, then both the specificity 
and the speed of the chemical reaction would be dramatically affected. This principle is not 
limited to enzymes and also applies to ion channels. In order for ion channels to be highly 
selective for particular ions and facilitate their permeation at relevant rates, the overall protein 
structure is optimized such that key electrostatic residues are positioned to have an important 
electrostatic effect on the passing ion. 
 This analogy between enzymes and ion channels is useful because it shows the 
importance of creating electrostatic environments in proteins so that they can effectively perform 
their function. These electrostatic environments are created by positioning key residues in 
optimal sites in order to interact with substrates and this positioning is facilitated by the overall 
structure of the enzyme. The presence of an electrostatic residue in an enzyme is not sufficient to 
induce or even speed up catalysis because the residue must be positioned correctly in order to 
have this effect. Just like in enzymes, ion channels rely on the presence of electrostatic residues 
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in order to set the conductance and selectivity, but these residues must be positioned optimally in 
order to have a notable effect. Within this framework, it is understandable that the conformation 
of important residues can alter both conductance and selectivity. Furthermore, residues that do 
not have an obvious electrostatic effect in and of themselves may still be highly important for 
this phenomenon as they are potentially involved with positioning key residues in a proper 
orientation and therefore mutations of these residues can also have effects on both selectivity and 
conductance. 
 
Materials and methods 
MD system setup 
MD simulations were set up using the M1–M3 region of GluCl and the GlyR (PDB 3RHW 
residues 213–300 and PDB 3JAF residues 234–324 respectively). System setup and input files 
for minimization and heating were created using the CHARMM-Graphical User Interface 
(CHARMM-GUI) and simulations were run using NAMD version 2.10 (Jo et al., 2009; Phillips 
et al., 2005). The CHARMM36 force field was used for lipids, proteins and ions (Best et al., 
2012). Structures were placed in a preequilibrated membrane of 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) and solvated in TIP3P water containing 150 mmol KCl solution 
creating box that is approximately 106×108×97 Å3. Simulations were run at 300 K with a 
constant pressure of 1 atm. All simulations used a 2-fs timestep with nonbonded interactions 
calculated every 2-fs and full electrostatics calculated every 4-fs. A 10-Å switching distance and 
a 12-Å cutoff for nonbonded interactions were used. Long-range electrostatic interactions were 
calculated using the particle mesh Ewald method with a 1-Å grid spacing and with periodic 
boundary conditions being applied in all dimensions. A constant temperature was maintained 
	   83	  
using Langevin dynamics with a damping coefficient of 1 ps–1. All simulations used harmonic 
restraints of 0.5 kcal·mol–1·Å–2 on the protein-backbone atoms so as to maintain stable pore 
geometry	  
 
Umbrella-sampling MD simulations 
To compute the ion-permeation PMF along the central axis of the pore domain of GluCl and 
GlyR, umbrella-sampling simulations were set up, starting with the last frame of the initial 
equilibration period described above. Umbrella windows were created along the axis of 
permeation through the transmembrane pore domain and used a spacing of 0.5 Å that spanned a 
distance of 51 Å. Using the collective-variables module in NAMD, a harmonic restraint of 5 
kcal·mol–1·Å–2 was placed on an individual ion at every window so as to sample the entire 
transmembrane region. Each window was simulated for 6 ns, and the first 500 ps were removed 
from the analysis to account for equilibration. The umbrella windows were then combined using 
the Weighted Histogram Analysis Method(WHAM; Kumar et al., 1995; Grossfield, 2012) to 
generate the corresponding single-ion PMF profile. 
 
BD simulation setup 
GlyR and GluCl crystal structures of the M1–M3 region (PDB 3JAF residues 234–324 and PDB 
3RHW residues 213–300 respectively) were used as an input for BD simulations using the Grand 
Canonical Monte Carlo/Brownian dynamics (GCMC/BD) simulation software (Im et al., 2000). 
Input files for the GCMC/BD simulations were generated using the CHARMM-GUI (Lee et al., 
2011a). Simulations were carried out with a grid spacing of 0.5 Å and a simulation box with 
dimensions of 75×75×91 Å3 for the GlyR (when the pore is expanded by 1 Å, the dimensions are 
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77×77×91 Å3; when expanded by 2 Å the dimensions are 79×79×91 Å3), and 74×74×91 Å3 for 
GluCl with a 5-Å buffer region. In all simulations, a 150-mM KCl solution bathed both sides of 
the membrane. The diffusion coefficients of K+ and Cl– in bulk solution were taken as 0.196 
Å2/ps and 0.203 Å2/ps, respectively (Hille, 2001). The diffusion coefficients corresponding to 
these ions inside the channel’s pore were taken as one-half of their values in bulk using a 10-Å 
switching function on both ends of the channel to mimic the effect of confinement (Lee, 2011a). 
The dielectric constants of both the membrane and protein regions were set to 2, and that of all 
aqueous regions was set to 80. Both the pore and the membrane were taken to be 40 Å in length. 
All simulations were run for 2 µs, and each simulation was replicated six times with different 
velocity seeds at all membrane potentials. BD simulations were also used to calculate multi-ion 
PMF profiles using the expression –RTln(Ci/Co) were Co is the charge density of the bulk 
solution (for 150-mM KCl, Co was taken as 9.03·10–5 e·Å–3) and Ci is the average charge density 
over the entire simulation for each point along the pore’s central axis. Error calculations for both 
i–V curves and PMFs are calculated using propagation of errors. Pore expansions were 
performed by calculating the center of mass of each of the five subunits independently and 
enlarging the distance between the center of mass and the center of the pore by either 1 or 2 Å 
along the 2 dimensions perpendicular to the axis of permeation. HOLE profiles were then 
calculated on each receptor to determine that the pore had increased in radius by the amount that 
the subunit was moved (Fig 3.9).  
 
Electrostatic calculations 
Electrostatic calculations were performed using APBSmem 2.0.1, an interface that adds 
additional functions to the APBS program (Marcoline et al., 2014; Baker et al., 2001). To 
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perform the calculations, the PDB file was converted to a pqr in APBSmem using the 
SWANSON force field (Dolinsky et al., 2007; Swanson et al., 2007). Ion solvation calculations 
using the nonlinear Poisson Boltzmann equation and zero boundary conditions used a grid with 
dimensions 161×161×161 that uses a 320×320×320 Å3coarse, 160×160×160 Å3 medium, and 
64×64×64 Å3 fine grid size with 0.1 M counterions of 2.0 Å and 300 K temperature. Dielectric 
constants of 2 were used for the protein and 40 Å thick membrane and a dielectric of 80 was used 
for the solvent. Spl2 and Spl4 were used for the charge and surface model, respectively with a 
surface spline width of 0.3 Å. Potassium and Chloride were modeled with their respective formal 
charges with ion radii of 1.33 Å and 1.81 Å. Ion solvation electrostatics were calculated along 
the axis of permeation from –45 Å to 45 Å where calculations are performed every 0.5 Å. 
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